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FOREWORD 


THE PLAN to publish a memorial to Irving Langmuir, including all ‘of the 
scientific output of his brilliant career in research, was announced to me by 
Captain I. R. Maxwell, managing director of Pergamon Press, late in 1958. 
My associates and I were asked to aid the venture by providing editorial advice 
and counsel, by enlisting the cooperation of scientific friends and acquaintan- 
ces, and by assisting in the collection and identification of material. Our enthu- 
siasm for the project and our willingness to cooperate sprang from two impor- 
tant considerations. 

First, Langmuir’s career provides an outstanding example of how free, 
but discriminating, inquiry in pure science may yield not only vital new know- 
ledge and understanding of nature, but also a great bounty of practical use- 
fulness for society. Secondly, Langmuir’s associates hold him not only in great 
respect, but in very great affection as well. Hence the preparation of these 
volumes has been more than a service; it has been a labor of love. 

The original plan was to publish Langmuir’s works in three or four volumes, 
but for very good reasons, which developed during the course of the project, 
the series has grown to twelve volumes. The quantity of Langmuir’s published 
scientific work proved to be far greater than we had estimated, and some 
previously unpublished wartime research and reports on meteorological studies 
were of such importance that their inclusion in the volumes was mandatory. 
Moreover, some exceptionally interesting philosophical papers and publications 
served to round out the literary portrait of Langmuir as a man and as a scientist. 

My associate editors, Sir Eric Rideal and Professor P. W. Bridgman, have con- 
tributed generously from their great wealth of knowledge and their intimate 
acquaintance with Dr. Langmuir. It is a pleasant duty to acknowledge that the 
many members of the Honorary Editorial Advisory Board have participated 
in this venture with enthusiasm, and that their editorial contributions to the 
separate volumes have added tremendously to the appraisal and interpreta- 
tion of Langmuir’s collected works. I particularly want to acknowledge with 
gratitude the valuable work of Professor Harold E. Way of Union College 
who, in the capacity of Executive Editor, has carried the major task of assuring 
that our responsibilities and commitments were fulfilled. 

I first met Irving Langmuir in the General Electric Research Laboratory 
when I joined the research staff in 1930, but our first meeting might equally 
well have taken place on a ski hill in the Adirondacks, at Lake George where 
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he liked to spend the summer, or on a climb on Mt. Marcy, for he had a prevail- 
ing love of the out-of-doors. Whether in the Laboratory or in the mountains, 
an intense curiosity about natural phenomena constantly pervaded his thoughts. 
In fact, I have never met anyone else who was so well coupled to nature. 

I am sure that, like all observant people, Langmuir perceived the beauty 
of nature as portrayed by the qualities of form, color, mass, movement, and 
perspective. In addition, however, Langmuir was delighted and entranced 
even more by the challenge to understand the working of nature as portrayed 
in the phenomena of everyday life — clouds, ripples on water, bubbles in ice, 
the temperature fluctuations of air and of water, the plastic quality of snow, 
the flight of a deer fly, and the thousands of “simple” phenomena which nearly 
everyone takes for granted. These manifestations of nature held endless fas- 
cination for Langmuir, and he constantly challenged himself to explain basic 
phenomena in terms of known laws of science. Of course, the same curiosity 
characterized his work in the Laboratory, and hence, provided the unifying 
motivation for his career, whether at ‘“‘work” or at “play”. 

Langmuir’s scientific work is so completely and perceptively described 
and appraised in the separate volumes of this work that only a few general 
comments and observations are appropriate, or indeed possible, at this point. 

One striking feature of his research method was its instrumental simplicity. 
Although his career extended into the glamour age of science, characterized 
by large, impressive, and expensive machinery such as the cyclotron, the 
synchrotron, and particle and radiation diffraction equipment, his own ex- 
periments were almost invariably simple and uncluttered. He seemed posi- 
tively attracted to simple experimental techniques, in refreshing contrast to 
what sometimes appears to be a fashionable reliance on impressive and expen- 
sive complexity of research equipment. His work with heat transfer in gases, 
and later with electron emission phenomena from metals, employed laboratory 
glassware of stark simplicity. His studies of surface films, especially films 
on water, employed beautifully simple experimental equipment. The Labor- 
atory work on aerosols and smokes, and later on the nucleation of supercooled 
clouds, was all carried on with apparatus that could be assembled from the 
equipment of a typical home. His classical experiments on the “speed of deer 
fly” came about as close as possible to the string, wax, and paperclip approach 
to science; yet they sufficed to establish the essential facts sought by the inves- 
tigation. Probably few scientists, before or since Langmuir, have gained 
so much important new knowledge of nature with such simple research equip- 
ment. 

Similarly, Langmuir preferred to work with a few collaborators, rather 
than a large group or team of researchers, for this favoured a close contact 
with the work on a participating basis. His ability to apply mathematical anal- 
ysis to physical problems was of a high order, and he divided his time about 
equally between experimental work and theoretical work. The combination 
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of outstanding experimental and analytical ability which he possessed occurs 
but rarely in single individual; most scientists have somewhat greater interests, 
aptitudes, and hence, accomplishment in one area or the other. 

Langmuir almost invariably worked on an intense basis and was generally 
completely preoccupied with his current problems. His concentration was 
exceptional, and he might pass you in the hall without seeing you. If you 
reminded him of it, he would smile and acknowledge that he was highly excited 
about some experiments that were in progress, or about some calculation 
that was presenting some puzzling aspects. 

We spend a good deal of time and thought nowadays on the question of 
motivation for scientists, seeking to understand the source and character 
of their drive. In Langmuir’s case, one needs to inquire no further than his 
curiosity. This pronounced trait provided an intense internal source of moti- 
vation, which constantly drove him to inquire and probe and test hypotheses 
until a pattern of understanding was developed. When he was on the trail 
of an exciting mystery, which was usually the case, his intense concentration 
was remarkable to behold. 

Langmuir’s career contributes much to our understanding of creative 
output in research. For example, on the perennial question of creativity and 
age, it has been held by some that the bulk of human creative work is accom- 
plished in early adult life, say in the age bracket between 25 and 35 years. It is 
probable that some purely statistical information might support this view. 
However, I would disagree strongly with the corollary conclusion that creative 
ability is characteristic of this age bracket. In the Laboratory, it is not unusual 
for creative young workers to acquire a greater span of research guidance, 
counselling, and even management responsibility as their career matures, and 
hence their creative contribution will, to a corresponding degree, appear 
in the work of others. I believe that in such cases scientists are generally not 
ess, but more creative with advancing age, frequently up to and even th rough 
retirement. It is clear that purely statistical information would not readily 
reveal this fact. 

It is interesting to examine Langmuir’s career as an example of a scientist 
who remained in active research up to and through retirement, to see what 
role age played in his output. In Volume XII we have depicted Langmuir’s 
achievements as a function of his age, using his scientific publications as evi- 
dence of his gross scientific output, and his principal accomplishments as evi- 
dence of his creative output. The resultant charts show remarkably constant 
productivity throughout his scientific career, and even through retirement. 
Throughout this period Langmuir published an average of five to six scientific 
papers per year. His principal accomplishments, both scientific and practical, 
took place almost uniformly over the period of his researches. Certainly no 
“creative age” can be identified in his career. The example of Langmuir’s 
scientific history does not prove the general thesis, but from the observation 
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of many research careers, I am persuaded that human creativity in science 
is not a significant function of age. 

Creative output, however, is a function of many other,factors that comprise 
the research environment. One important factor is the changing field of re- 
search. Some of the most creative scientists in the history of the General Electric 
Research Laboratory have worked intensively in one field for a period of some 
years, and have then changed quite abruptly to a new field as a source of fresh 
stimulation and new challenge. It is evident that in a period of 5 years, or so, 
one can bring a fresh point of view to a new field, make a major contribution, 
and perhaps exhaust one’s ideas on the subject. At that point of fruition, there 
is a great temptation to sit back and bask in a reputation for eminence which 
has been established in a specialized field of science. The more courageous 
scientist, however, will be challenged, or will, like Langmuir, challenge himself 
to enter a new field. This requires courage, because in the new field he will 
be a neophyte but, at the same time, a scientific entrepreneur with a reputation 
at risk, and this risk may not pay off. 

Langmuir’s career exemplifies the courageous entrepreneur in science. 
It would be difficult to find a common demoninator, except curiosity, in many 
of the fields of science in which he made basic contributions. He never hesi- 
tated to attack new fields, such as protein monolayers, the generation of smoke, 
or meteorology, which were completely new and, hence, challenging territory 
to him. In each of these diverse fields, and in a great many others, he has made 
major basic contributions. 

Some discussion of the very important applied aspects of Langmuir’s scien- 
tific work is appropriate. It is a fact that, although his prevailing motivation 
in research was curiosity about all natural phenomena, he was always perceptive 
of the practical usefulness of research results, and he himself suggested pos- 
sible practical applications of many of the new phenomena which he discovered. 
He was generally able to communicate his enthusiasm to applied scientists 
and engineers interested in the proposed application and to give them guidance 
in its exploration. 

It is interesting to speculate on the way that Langmuir’s career might 
have developed had he chosen an academic, rather than an industrial environ- 
ment for his work in science. My personal belief is that his research would, 
in any environment, have resulted in 2 high order of scientific accomplishment. 
Although he evidenced little interest in teaching, he was in fact an outstanding 
teacher, and in a university he would have exerted a great influence on students 
who might have been fortunate enough to be in contact with him. But I doubt 
if an academic career for Langmuir would have, or could have, developed 
the great bounty of useful results for society which did come from his exposure 
to a Creative industrial scientific environment. The human and economic 
impact of gas-filled lamps, high-vacuum electron tubes, atomic-hydrogen 
welding, space charge emission phenomena, techniques and discoveries in 
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surface chemistry, thyratron arcs (with A. W. Hull), and cloud seeding tech- 
niques has been very great indeed, and in most of these developments the 
influence of his research environment has been unmistakable. 

Wherever Langmuir worked, or might have worked, the world is vastly 
better because of him, and both his former associates and colleagues, and the 
public at large, bear a tremendous debt of gratitude for his genius in science 
and for his perception of human need. 


June 15, 1960 
C. Guy Suits 
Vice-President and Director of Research 
General Electric Company 
, Schenectady, New York 


Google 


Original from 


Digitized by Google UNIVERSITY OF CALIFORNIA 


PREFACE TO VOLUME 2 


LaNnGmuIr’s early work on dissociation of atoms and chemical reactions at low 
pressures served as a background for his work on heat transfer and this in turn 
for his work on incandescent lamps. As a practical research scientist he saw 
the application of this basic work to the field of incandescent lamps, a major 
area of interest to the General Electric Company he served. His study of the 
mechanism by which heat is lost by a lamp filament to its surroundings convinced 
him it was primarily due to conduction with radiation being relatively unim- 
portant. His study of “clean up” phenomena, removing oxygen from the 
surface of hot tungsten in the absence of hydrogen, did much to improve 
the method of ‘“‘out gassing” vacuum tubes, so important in high vacuum 
work. Additional work on “‘clean up” of nitrogen and his work on vaporization 
of tungsten led eventually to his important work on nitrogen filled tungsten 
lamps for which he was so well known. 

This work in the area of heat transfer and tungsten incandescent lamps 
was started shortly after be joined the General Electric Laboratory in 1909, 
the first paper “Thermal Conduction and Convection in Gases at Extremely 
High Temperatures” being published in 1911. His productivity in this area 
extended over a period of more than twenty-five years. During this same 
time, however, Langmuir was also interested in, and carrying out, important 
related reseatch work in the areas of thermionics, electron emission, and ad- 
sorbed films as shown in Volume III. 

Professor E. R. G. Eckert, Department of Mechanical Engineering, Univer- 
sity of Minnesota, an international authority on heat transfer, was invited 
to write the contributed paper for the first chapter of this volume. Dr. Zay 
Jeffries, vice-president, retired, of the General Electric Company, an outstanding 
authority on tungsten and tungsten filaments, was asked to write the 
contributed article for the second chapter. 


Harotp E. Way 
Executive Editor 
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INTRODUCTION TO PART 1 


By E. R. G. Eckert 


In 1904, Wilhelm Nernst, professor at the University of Géttingen, pub- 
lished a paper! in which he showed that heat is conducted much more readily 
in a chemically reacting two-component gas mixture than in a one- 
component gas. In such a gas mixture, diffusion of the various components 
occurs as a consequence of the existing temperature gradient and the various 
diffusing species carry their enthalpy along. This enthalpy transport by con- 
vection is added to the normal heat conduction process and increases the heat 
flux under certain conditions by an order of magnitude. 

In the same year, Nernst proposed to Irving Langmuir as thesis topic 
a study of the formation of nitric oxide from air by the catalytic action of a 
glowing filament. It appears that various peculiar phenomena observed in 
these experiments caused Langmuir to start his research in the field of heat 
transfer. 

In 1911, after he had joined the General Electric Research Laboratory, 
Langmuir resumed experiments to explore these physical processes.? He used 
for these studies a glass tube, 4 cm in diameter, which was arranged in a vertical 
position. A thin platinum wire 5 to 10 cm long was located in the axis of the 
tube through which a very slow current of hydrogen was directed. The wire 
was heated by an electric current to temperatures between 1000 and 3400°K, 
and the electric energy input as well as the wire temperature were recorded. 
The electric energy was converted into Ohms heat in the wire and was trans- 
ferred to the surrounding gas essentially by natural convection. It was found, 
from these measurements, that the heat loss from the wire surface increased 
with the power 1.86 of the absolute temperature of the wire when it was in the 
neighborhood of 1000°K. At a temperature of 3400°K, however, it increased 
Proportional to the 10th power of the wire temperature. Heat transfer by 
convection is expected to increase proportional to a power not much larger 
than a value 1. Even heat transfer by radiation increases only proportionally 
to the 4th or 5th power of the temperature. In addition, Langmuir could 
demonstrate that radiation contributed only a small fraction of the total heat 
loss. The question therefore arose as to the cause of the large increase of heat 
loss with temperature at the high temperature level. Langmuir concluded 
that the effect described by Nernst in 1904 occurred in his experiments and that 
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the diffusion of enthalpy in the dissociating and recombining hydrogen was 
responsible for the large heat loss. 

In this work, Langmuir had obviously also found that a deciding lack of 
information on natural convection heat transfer existed even under the absence 
of this diffusion process. He therefore started investigations on natural con- 
vection heat transfer and reported the results in five papers published in the 
years 1912 and 1913. 

Before we turn to a discussion of these papers, it appears appropriate to 
review the knowledge on free convection heat transfer as it had accumulated 
at that time. The scarcity of this knowledge is stressed by a remark made by 
A. Russell, a contemporary scientist, who was considered as very familiar 
with the heat transfer literature. Langmuir quotes this scientist in the following 
way: “The phenomenon of the convection of heat at the surface of a body 
immersed in a cooling fluid is one which does not lend itself readily to mathe- 
matical calculation. If the fluid be a gas, the variations of the pressure, density, 
and velocity at different points of the gas so complicate the problem that little 
progress toward a complete solution has yet been made.” Physicists as well 
as chemists had shown interest in heat transfer processes during the whole 
19th century, mainly because such processes often occurred in their experi- 
ments. Accordingly, special studies on free convention heat transfer had been 
conducted and their results had been put into the form of mathematical cor- 
relations. These, however, were developed completely empirically and without 
foundation by a theory. They differed, as a consequence, very much in their 
form even for the same situation, and it was hard for someone wanting to predict 
heat transfer to decide which of these relations to use. This situation was 
only remedied in 1915, this means, after the time of Langmuir’s first series 
of heat transfer experiments, in a fundamental paper by Wilhelm Nusselt, 
in which he applied dimensional analysis to heat transfer problems and indi- 
cated how results of experiments should be presented to obtain the maximum 
generality possible. 

An attempt to study heat transfer by convection analytically had been made 
by A. Oberbeck in 1879.2 The equations describing natural convection, namely 
Stokes equations plus the energy equation, were presented in the form in which 
they are still used today, namely, under the assumption of small temperature 
differences. Oberbeck, however, was not able to obtain any useful solutions 
to these equations. Two years later, L. Lorenz published, in a paper* on the 
thermal conductivity of metals, a solution to these equations for heat transfer 
by natural convection on a vertical heated plate. However, he had to apply 
very severe assumptions, some of which are actually contradictory. In our 
present day terminology, he assumed essentially that the flow boundary layer 
as well as the thermal boundary layer have thicknesses which are constant 
over the height of the plate after they built up very rapidly near the lower 
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plate end. He nevertheless obtained a solution which, in terms of the para- 
meters used today, reads as follows: 


Nu = 0.548 /GrPr (1) 


The Nusselt number Nu, as a dimensionless expression for the heat transfer 
coefficient, is, according to this relation, proportional to the 4th root of the 
product of Grashof number Gr, an expression for the driving force and of the 
Prandtl number Pr which describes the fluid involved. A further progress in 
the analytical approach to this problem was made only in 1930 by E. Schmidt, 
W. Beckmann, and E. Pohlhausen® when they applied boundary layer theory 
to this free convection problem, a theory which had, in a general way, been 
conceived by Ludwig Prandtl in 1904. Equations obtained in this way show 
that the solution by Lorenz is surprisingly good and differs only by approxi- 
mately 7 per cent. Nevertheless, the paper by L. Lorenz was, through many 
years, not very readily accepted, mainly because of the severity of the simplify- 
ing assumptions. Langmuir, however, found that it was in good agreement 
with his measurements on a vertical plate as long as the difference between 
surface temperature and temperature of the fluid was moderate. No analytical 
solution was available for the geometry which Irving Langmuir studied most 
extensively, namely, for a cylinder in horizontal or vertical position. Only 
much later was R. Hermann able to obtain, in 1933, a solution® to this situation 
for the condition that the boundary layer thickness is small compared to the 
cylinder diameter and that the existing temperature differences are also small 
compared to the absolute temperatures themselves. The situation which Lang- 
muir studied specifically is one where the boundary layer thickness is of the 
same order or considerably larger than the cylinder diameter and where thie 
temperature differences are longer. No analytical solution for this situation 
exists even today. 

The preceding paragraphs have sketched the situation in heat transfer 
research at the time when Langmuir started his investigations. He used, for this 
purpose, a test setup quite similar to the one in his earlier experiments described 
before. Again platinum wires with diameters 0.1 to 1 mm were arranged in the 
axis of a tube. Air, mostly at atmospheric pressure and temperature, was directed 
in a slow stream through the tube and the wire was heated electrically to tem- 
peratures between 500 and 1900°K. In some additional experiments, the air 
temperature was varied between 190 and 300° C. Later on, hydrogen gs 
and mercury vapor were used as a surrounding fluid and some experiments 
were carried out with the tube in a horizontal as well as in a vertical position. 
In an attempt to vary the parameters influencing heat transfer as widely as 
possible, Langmuir also included in his evaluation the results of experiments 
which had been published by Kennelly in 1909.7 

Langmuir obviously felt that a satisfactory correlation, describing the 
results of these tests, should be based on an analytic model and he conceived, 
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for this purpose, what he calls the “film theory.” Contrary to the procedure 
of most contemporary scientists working in the area of fluid mechanics who 
usually neglected viscosity, he stressed that near the wire surface viscosity 
must have a deciding influence on the flow field. He therefore introduced 
a simplified model in his analysis which replaces the convective heat transfer 
in the boundary layer by a heat conduction process in a stationary film 
which surrounds the wire concentrically. The thickness of this cylindrical 
film he relates, on a suggestion by D. Q. Adams an associate of his, to the 
thickness B of a film on a plane surface in such a way that the heat flux by 
conduction per unit outer surface of the cylindrical film is the same as the heat 
flow by conduction per unit area of the plane film provided the heat conductivity 
and the difference between the temperatures at the two film surfaces of both 
films are the same. The wire surface temperature is, in his theory, assigned to 
the inner surface of the film, and the temperature of the fluid at a sufficient 
distance is assigned to the outer film surface. Langmuir found, from an evalu- 
ation of his experiments with air, that the thickness B of the equivalent plane 
film is 0.43 cm within + 25 per cent, regardless of the wire temperature and 
of its diameter as long as the air is at atmospheric pressure and temperature, 
and that it varies proportional to the absolute temperature of the surrounding 
fluid. Langmuir also postulates that the thickness B of the equivalent plane 
film should vary proportional to the dynamic viscosity and inversely pro- 
portional to the density of the surrounding fluid. He finds this verified by his 
experiments with hydrogen. From the evaluation of Kennelly’s experiments, 
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however, he concludes later on that the equivalent thickness B varies propor- 
tional to the power 0.75 of the pressure or density of the surrounding fluid. 
Langmuir states that his film theory should also apply to spheres, and he 
attempted to extend it to the flat plate. He concludes, however, that it is not 
useful to describe heat transfer in forced convection.® Engineering minded 
as he was, I. Langmuir made immediate use of his studies for the improvement 
of incandescent lamps. By filling them with an inert gas, the efficiency of 
these lamps was doubled. 

In an evaluation of Langmuir’s film theory, one has to acknowledge that 
it is a radically simplified model for a convective heat transfer process. However, 
Langmuir proved that it can give a satisfactory answer for certain situations 
for which even today no better solutions are available. For this reason Langmuir’s 
film theory has been quite extensively used by several investigators. An essential 
improvement was made in a paper by C. W. Rice in 1923 in which the 
film theory was combined with dimensional analysis of the heat transfer 
process®. In this way the possibility was provided to bring the film theory 
into agreement with the best experimental or analytical results in those flow 
regimes for which such information existed. Later on, W. Elenbaas, 1°™ 
E. R. G. Eckert, Eckert and E. Soehngen,!® J. R. Kyte, A. J. Madden, 
and E. L. Piret,44 and E. Sparrow made use of this theory to obtain relations 





Fic. 1. Interferogram of the temperature field connected with 
free convection around a horizontal cylinder in air. Cylinder diam- 
eter 2.4 mm. Grashof number 27.2. 


for free and forced convection around horizontal and vertical cylinders and 
for spheres, Eckert and Soehngen™ used the same theory to investigate heat 
transfer in the neighborhood of corners, and E. Sparrow" to describe film 
condensation of a vapor on a horizontal cylinder. 

The success of the film theory, which neglects the influence of convection, 
for the geometries mentioned above is based on the fact that the heat flux 
density for these geometries decreases rapidly with increasing distance from the 
surface. Those fluid layers in which the essential part of the total heat resist- 
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ance is concentrated are therefore close to the surface and in these layers the 
convective velocities are small and the heat transfer by conduction is domi- 
nating. Figures 1 and 2 demonstrate this effect. Figure 1 presents an inter- 
ferogram of free convection around a horizontal cylinder with 2.4 mm diameter, 
heated to a temperature of 55.1°C and arranged in air of 28.3°C temperature 
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Fic. 2. Temperature profile along a radius directed vertically downward as obtained 
from Fig. 1. r radial distance from center of cylinder. 7 cylinder radius. T air temper- 
ature at location r. T air temperature outside heated layer. 


and atmospheric pressure. This results in a Grashof number value of 27.2. 
The Zehnder-Mach interferometer with which the photo was taken was ad- 
justed in such a way that the fringes represent lines of constant density. At the 
small velocities and temperature differences involved, they can with sufficient 
accuracy be interpreted as isotherms. The temperature profiles throughout 
the heated layer can, therefore, be obtained from the interferogram. Figure 2 
is the result of such an evaluation on a line directed vertically downward from 
the center of the cylinder. In the figure, r denotes the radial distance from 
the center and y, the cylinder radius. T is the air temperature at location r 
and T,, is the undisturbed air temperature outside the heated region. The abscissa 
of the figure is plotted in a logarithmic scale because the temperature profile 
connected with steady heat conduction through a cylindrical layer is a straight 
line in a semilogarithmic plot, provided the thermal conductivity can be consid- 
ered constant. The actual temperature profile agrees therefore with the one 
postulated by “film-theory” to the extent to which it approximates a straight 
line. It may be observed that this condition is quite well fulfilled through 
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the major portion of the heated air layer. The dashed line in Fig. 2 presents 
the temperature field calculated from the relation in Table 1 for a horizontal 
cylinder in natural convection. 

Based on these observations, the following modification of Langmuir’s 
film concept appears to be most promising. The thickness of the stationary film 
which replaces the heated layer around the object is determined in such a way that 
the relation for heat transfer obtained by film theory approaches asymptotic- 
ally the correct result for the condition where the film thickness is small com- 
pared to the diameter of the object. This occurs in free convection when the 
Grashof number is sufficiently large. Heat transfer relations for this condition 
are available either as solutions of the boundary layer equations or from experi- 
ments. On the other hand, one expects that the influence of convection becomes 
small for a vanishing Grashof number and in this way film theory provides 
a simple interpolation formula which is correct for large Grashof numbers 
and which should also well describe conditions for a vanishing Grashof number. 

The application of this modified film concept may be demonstrated for 
natural convection on a sphere. Assume a sphere of diameter D and with a 
surface temperature T,, located in a fluid of infinite extent and of temperature 
T,. at sufficient distance. Postulate that the actual heat transfer from the surface 
of the sphere is the same as the heat flow by conduction through a concentric 
stationary film with an inner radius r, equal to the radius of the sphere and 
an outer radius r,, the temperature of the film at the inner radius be equal 
to T,, and the temperature at the outer surface with the radius r, be equal 
to T,, The heat flow per unit time by conduction through the spherical shell is 


k 
= (TP) Q) 


rN 





Define a heat transfer coefficient h averaged over the surface of the sphere 
by the equation: 


Q = h4ar} (T—T..) (3) 
Combining the two equations one obtains 


kr, R(D/2+B) 
*= 77-1) (DDB (#) 


with D indicating the diameter of the sphere and B denoting the thickness of 
the film. The Nusselt number, as a dimensionless expression for the heat 
transfer coefficient, is 


Nu, = ee = a(t +33) (5) 


Google 





xxiv Introduction to Part 1 


The following relation for the Nusselt number Nu, in the boundary layer 
regime was found by experiments® (B < D) 


Nut, = 0.6 (Gr, Pr) (6) 


From equation (5) there is obtained, on the other hand, 


Nu, = eH (7) 
Therefore 
. = 0.6(Gr, Pr) (8) 
and 
Nu, = 2+0.6(Gr,Pr)'* (9) 


Table 1 contains relations obtained in this way. The derivation for natural 
convection on a cylinder is contained in ref. 12 and for the vertical cylinder 
in ref. 15. An index D indicates that the parameter is based on the diameter, 
an index x denotes that the cylinder length is used. The equations for forced 
convection were obtained by requiring the results of the film theory to trans- 
form for B<D to relations valid in the boundary layer regime at moderate 
Reynolds numbers. All relations in the table agree best with boundary layer 
analysis or experiments for Pr == 1. ‘The Prandtl number relation in the equa- 
tions provides an approximate correction for Prandtl numbers not too distant 
from one. The equation for forced flow over a sphere is found in ref. 18, page 251. 
Figures 3 and 4 from ref. 19 contain experimental results and various recom- 
mended correlations for forced and free convection on a horizontal cylinder. 
Values obtained from the equations in Table 1 are also inserted. In order 
to obtain the agreement in Fig. 4, the constant 2 in the respective equation 
which is obtained by film theory had to be changed to a value of 0.9. Similar 
equations were also derived for free convection in ref. 14 and were found 
to agree with experimental results to GrPr =: 10". 

The fact, that an adjustment had to be made in the constant of the relation 
for forced convection whereas such a correction was not necessary for natural 
convection, had probably the following reason. The temperature field in forced 
flow deviates according to ref. 13 considerably from rotational symmetry, 
at least in the investigated Reynolds number range. Fig. 1 shows, on the other 
hand, that rotational symmetry is quite well approximated in natural con- 
vection at low Grashof numbers. It may well be that rotational symmetry is 
also approached in forced convection at very low Reynolds numbers. Such 
a situation is, however, difficult to obtain experimentally without side effects 
caused by rarefaction or superimposed natural convection. 

The basic idea underlying the modified film concept provides a clue to 
which other heat transfer situations this theory may be applied. It should 
work satisfactorily for all situations for which the heat flux density decreases 


Google Nice 


Introduction te Part 1 xxv 


with increasing distance from the surface. One such situation has recently 
found strong interest. In connection with aeronautical and nuclear applications, 
knowledge of unsteady heat transfer conditions is required. If the surface 
temperature is suddenly changed, then the dominating mode of heat transfer 
into a fluid has been shown to be initially by conduction. Unsteady heat con- 
duction through a film, the thickness of which is selected in such a way that 
the correct answer is obtained for steady state, should supply an adequate 
interpolation formula for the transition period from early conduction to steady 
or quasisteady state. 
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Fic. 3. Nusselt number Nup as function of the product Grashof times Prandtl numbers 
GrpPr for free convection on a horizontal cylinder. The dashed curve presents McAdams 
recommendation obtained from the experimental points. 


Involvement in the film concept and a discussion to one of his papers caused 
Langmuir to study steady state conduction through solids of complicated 
shapes such as found, for instance, in the walls surrounding furnaces. He 
developed approximate analytical methods and checked them by experiments. 
In this way he derived simple relations which adequately describe the heat 
loss through the walls of containers with various shapes, especially with the 
shape of a parallelepiped. Today these studies have somewhat lost their impor- 
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tance, since numerical methods like the relaxation procedure have been developed 
in the meantime and since the availability of electronic computers have made 
it possible to obtain solutions to the heat conduction equation quite readily. 
However, Langmuir’s relations are still useful for rapid engineering 
calculations and are found in various engineering handbooks. 

Langmuir returned to heat transfer studies in the years 1925 to 1927, this 
time to support and analyze a new engineering tool, the “hydrogen torch.” 
In the early stages of his studies, Langmuir had come to the conclusion that 
heat transport in hydrogen gas increases greatly at temperatures at which the 
molecules dissociate into atoms because diffusion of enthalpy is added to the 
normal thermal conduction. Langmuir now concluded that such a gas should 
be an excellent medium to transport heat to a surface, especially at very high 
temperatures. In order to increase the temperature of the hydrogen as much 
as possible, he proposed to heat it by an electric arc between two tungsten 
electrodes which are protected by the hydrogen stream, and this work resulted 
in the development of the hydrogen torch which still is used today, for instance 
for welding purposes. The development of this torch is another one of the 
many examples by which Langmuir demonstrated his genius for conceiving 
new engineering applications for physical processes which he had studied 
in his research. Heat transfer by diffusion in a dissociating gas has recently 
found considerable attention because it occurs in various new engineering 
applications, for instance in the flow of gases through rocket nozzles, or in 
heat transfer to the surface of missiles or satellites moving with hypersonic 
velocities. Correspondingly, intensive research has been resumed in this 
area,20-#3 It has well substantiated the early concepts and analyses by Nernst 
and Langmuir. 

The ten papers which Irving Langmuir has published in the area of heat 
transfer constitute only a small fraction of the total 229 papers which he wrote 
during his lifetime. Nevertheless, he has by this work achieved that his name 
will be mentioned permanently in connection with the development of this 
branch of the physical sciences. He also has, as in other fields, readily used the 
results of his studies to advance the state of technology and engineering. 

Acknowledgment. The help of Mr. Jerome L. Novotny in obtaining the 
interferogram and in its evaluation is gratefully acknowledged. The Zehnder- 
Mach interferometer has been constructed at the Heat Transfer Laboratory 
of the University of Minnesota with financial support by the Graduate 
School of this institution. 
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THERMAL CONDUCTION AND CONVECTION IN GASES 
AT EXTREMELY HIGH TEMPERATURES’ 


Transactions of the American Electrochemical Society 
Vol. XX, 225 (1911). 


In 1904, Prof. W. Nernst, then at the University of Géttingen, suggested 
as a thesis subject the study of the formation of nitric oxide from air in the 
neighborhood of a glowing Nernst filament. It was thought that the filament 
would probably act catalytically on the reaction between oxygen and nitrogen, 
and that in a closed vessel, after a stationary condition had been reached, the 
amount of nitric oxide would be that corresponding to the equilibrium 


N,+0, = 2NO 


at the temperature of the filament. 

Experiments showed, however, that this was far from being the case. The 
rate of formation of nitric oxide was extremely slow, and the percentages obtained 
were only a small fraction of those corresponding to equilibrium. After carry- 
ing out a considerable number of experiments, work along this line was dis- 
continued and reactions in which the filament would more surely act catalyt- 
ically were studied. The following reactions 


2H,0 = 2H,+0, 
2CO, = 2CO+0, 


when brought about by glowing platinum wires, were found to be of this type, 
and it was possible in this way to determine the equilibrium constants of these 
reactions with great accuracy.! 

The earlier experiments with the Nernst filaments, however, had given 
some very peculiar results and had led to a more extended theoretical investi- 
gation into the nature of reactions around glowing filaments. The results were 
published as a dissertation,? but as some of the theoretical conclusions needed 
more experimental evidence to support them, the final publication of the results 
has been delayed until the present time. 


*This paper was presented at the Twenticth General Meeting, at Toronto, Canada, 
September 21-23, 1911. 

1 J. Am. Chem. Soc. 28, 1357 (1906). 

* Uber partielle Wiedervereinigung dissocierter Gase im Verlauf einer Abkiihlung. Inaug- 
ural Dissertation, Gottingen, 1906. 
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Experiments with Nernst Filaments in Air 


Clement’ showed that nitric oxide without even a trace of ozone is formed 
when a Nernst filament glows in air. The object of the experiments about to 
be described was to find how nearly the concentration of nitric oxide produced’ 
in this way agreed with that found by other methods at temperatures corres- 
ponding to that of the filament. 

A few preliminary experiments showed that the nitric oxide was formed 
extremely slowly: the highest rate of formation observed was only 1.4 cc. of 
nitric oxide per hour. The concentration gradually rose until after many hours 
it became practically constant. It was found that the results of the experiments 
at any temperature could be expressed by two quantities: Ist, the percentage 
of nitric oxide in the gas when a stationary condition (or “‘pseudo-equilibrium’’) 
was reached; 2nd, the rate at which this equilibrium was reached. The reaction 
proceeded according to the laws of a reaction of the second order in agreement 
with Nernst.* 

Two methods were used in studying this pseudo-equilibrium and the velocity 
with which it was approached. 

First Method. — A very slow stream (0.006 to 0.1 cc. per second) of air 
dried over phosphorus pentoxide was passed through a small bulb containing 
the glowing filament. The nitric oxide was absorbed in concentrated sulfuric 
acid and then evolved and measured by shaking the sulfuric acid over mer- 
cury in a gas burette.° If u be the rate of flow of the air current (cc. per second), 
x the fraction of nitric oxide in the air after passing the filament, a the limiting 
value of x when u = 0, and H the velocity of the reaction around the filament, 
then the following formula enables a and H to be calculated. 


H(a?—x?*) = ux. 
This equation, as well as those given below, was deduced theoretically. 


The details of the calculation will not be gone into here; let it suffice to say 
that H is related to the ordinary velocity coefficient k as follows: 


k 
H=T,{ 7de 


where k is the velocity coefficient in the element of volume de 
T is the temperature (absolute) in the element of volume 
T, is room temperature (absolute). 


Second Method. — The glower was placed in a vessel of about one liter 
capacity containing dry air. After glowing the filament for a period of time 
ranging from 4 to 43 hours, it was allowed to cool and the gas was then drawn 


1 Ann. Phys. 14, 334 (1904). 
2 Zeit. anorg. Chem. 49, 224 (1906). 
3 Lunge’s method. 
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out of the vessel through an absorption tube containing sulfuric acid. The 
nitric oxide was determined as before. The values of a and H were then cal- 
culated from the following equation 

Vv at+x 


; Page a—x 


where ¢t = time during which the filament is heated 
V = volume of air in the vessel 
H, a and x have the same significance as before. 

The. temperature of the filament was determined by measurement of the 
luminosity in candle-power per square mm of surface, and the application 
of Rasch’s equation (see below). 

The numerical results are briefly summarized in the following table: 








Experiment No. .... 32—34 40 22-27 41 35—36 42 
Filament No. ..... 8 9 5 9 8 9 
Ty (abs.) ... - 2320 2358 2373 2380 2395 2426 
10004@ ........... 2.36 3.64 4.35 4.49 6.51 742 
1000 xo 2.2.2... eee 12.8 13.8 14.2 14.4 14.9 15.7 
H per cm of filament 7.2 _ 6.2 _ 3.4 _ 


1000 a is the amount of nitric oxide (in cc. per liter) present when the pseudo- 
equilibrium has been reached. The 1000 x, is the amount of nitric oxide’ cor- 
responding to true equilibrium at the temperature 7, of the filament. 

These results are remarkable in three respects: 

I. The values of a are very much lower than the corresponding values of x9 
It is to be expected that they would be somewhat lower, but the amount of the 
difference is surprising. For example, in the experiments at 2320°K,? only 
0.2364 per cent of nitric oxide is formed. This corresponds to the true equi- 
librium at about 1700°K, so that in all those parts of the space where the tem- 
perature is above 1700°K, nitric oxide must be forming, and this must all be 
decomposed again in those parts where the temperature is below 1700°K. As 
the velocity of the reaction drops off very rapidly with falling temperature, it 
follows that the volume of gas which is nearly at the temperature of the fila- 
ment is very small compared to that at a temperature slightly below 170U°K. 

II. The values of a approach those of x) with extraordinary rapidity as the 
temperature rises. Just the opposite would be expected. That is, it would seem 
most natural that the higher the temperature of the filament, the greater would 
be the difference between the observed amount of nitric oxide and that cor- 
responding to the true equilibrium. 

III. The velocity coefficient H decreases with increasing filament temper- 
ature. The quotient HV is the average reaction velocity in the whole vessel 
containing the filament. Since the true velocity coefficient increases rapidly 
A epics a 


? In this paper the letter K (Kelvin) will be used to denote absolute temperatures in accordance 
with the recommendations of the Association International du Froid. See Chem. Ztg. 35, 3 (1911). 
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with the temperature (Nernst, /.c.), the only way in which H can decrease is 
for the volume of the hot gases around the filament to decrease as the temper- 
ature of the latter rises. 

This naturally suggests that the temperature gradient around the filament 
increases rapidly as the temperature of the filament rises, and this would lead 
to a much increased loss of heat by conduction through the gas. It is possible 
that an increase in the heat conductivity of the air would lead to very much 
increased convection and thus cause an actual lowering of the temperature of 
the outer layers of gas. This explanation of the third peculiarity of the reaction 
around the Nernst filament helps greatly in understanding the first and second. 
All three can be explained in the following manner: 

At T, = 2320, the volume of gas slightly below 1700° is so much larger 
than that near the temperature of the filament that, in spite of the much lower 
velocity coefficient, the reaction takes place principally in the portions of the 
gas with a temperature of about 1700°. 

At T, = 2420, the heat conductivity of the gas has increased so much that 
more heat is carried from the filament and thus more vigorous convection cur- 
rents are set up. The volume of the very hot gas probably increases, whereas 
the volume of the gas with a temperature around 1700° decreases. The decom- 
position of the nitric oxide in the outer layers has therefore decreased, while 
the rate of formation near the filament has increased. This causes the extra- 
ordinary increase in a. On the other hand, the rate of formation of the nitric 
oxide in pure air is less than before because of the marked decrease in the volume 
of the reacting gas. In the dissertation referred to above, some simple assump- 
tions were made as to the distribution of temperature around the filament, 
and equations were then deduced which have a very satisfactory quantitative 
method of calculating H from the ratio between a and x). 

The above hypothesis of the rapid increase in conductivity or convection 
at high temperatures received a further strong support by a study of the charac- 


teristics of the Nernst filaments. , 
Volts, amperes and candle-power measurements were carefully made by 


Mr. Schliiter, Prof. Nernst’s assistant, on about a dozen glowers. The tempera- 
tures were calculated by Rasch’s equation, assuming that the emissivity for 
visible radiation is the same as that of a black body. This is not strictly accu- 
rate, but even if it should emit only 75 per cent as much as a black body, the 
error in the temperature determination would be only 52°. 

The watts supplied to the glowers in every case varied with a power of the 
absolute temperature lying between 4.4 and 5.1. 

According to Nutting,’ the total radiation from a Nernst glower when at 
about normal brilliancy varies with the 4.3 power of the absolute temperature. 
Even if the filament radiated as much as a black body, the radiation would 
amount to only about two-thirds of the whole energy, the rest being lost thru 


1 Bull. Bur. Standards 4, 550 (1908). 
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the air. In all probability the radiation is somewhat less than one-half of the 
total energy. Since the total energy varies with the 4.4 to 5.1 power, and the 
radiation varies as the 4.3 power, the energy conducted away by the air and 
through the leads must vary with at least the 4.5 to 5.9 power of the absolute 
temperature. 

This seems a remarkably high value, but a rough calculation shows it to 
be of about the right order of magnitude to account for the peculiarities ob- 
served in the formation of nitric oxide around a Nernst glower. 

It is usually considered that one of the most noteworthy characteristics 
of radiation is the fact that it increases so rapidly with the temperature. The 
common experience is that conduction and convection are the principal causes 
of temperature equalization at ordinary temperatures, but as the temperature 
increases, radiation very soon predominates. By Newton’s law of cooling, the 
loss of heat is proportional to the difference of temperature between an object 
and the surroundings. It has long been known that this law is only roughly 
approximate. Even as early as 1817, Dulong and Petit proposed the empirical 
law that the loss of heat by conduction and convection is proportional to the 
1.233 power of the difference of temperature between the hot object and its 
surroundings. 

The literature on the subject of the convection of heat at high temperatures 
is very meager, most observers haying been content to carry out their experi- 
ments at temperatures not exceeding 300° or 400°. Alex. Russell! derives equa- 
tions that agree well with experiment at moderately high temperatures. In 
his article will be found references to the most important literature on the 
subject. Hartmann? made experiments with rods prepared from pressed plat- 
inum black, which he heated up to 1900°K. He finds that the loss of heat by 
conduction is well expressed by a formula of the form W =k (1+bt)t. At 
very high temperatures this would give the loss by conduction and convection 
as varying with the square of the temperature. A fairly careful search through 
the literature has failed to show any cases where experiments have been carried 
out at a higher temperature than this or where the heat loss has been found 
to vary more rapidly than with the square of the temperature. 

An elementary consideration of the processes that are ordinarily thought 
to constitute convection and conduction fails to give any reason why the loss 
of energy by these means should ever increase more rapidly than with the square 
of the temperature. The driving force causing convection is the difference in 
weight of two columns of gas at different temperatures. Now the weight of 
the gas is inversely proportional to its temperature and directly proportional 
to the pressure, so the driving force is proportional to 


1 1 T,—T 
(rz) o(r) 
1 Phil. Mag. 20, 591 (1910). 
* Phys. Zeit. 5, 579 (1904). 
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The resistance to be overcome by this force is the force of friction. The 
coefficient of internal friction increases approximately with the ?/; power of 
the temperature.! The amount of heat carried by convection is roughly pro- 
portional to the driving force and inversely proportional to the internal friction, 
and both these factors thus tend to cause a marked decrease in convection at 
high temperatures, that is, for a given difference in temperature between the 
hot body and its surroundings. This conclusion has been verified by some 
experiments recently made by the author which showed very clearly that, at 
the temperature of liquid air, convection is much more active than at ordinary 
temperature. For example, it was found that the pressure has to be lowered 
much more at liquid air temperatures than it does at higher temperatures before 
convection becomes small compared to conduction. 

According to the kinetic theory of gases, the heat conductivity would in- 
crease with about the 0.85 power of the temperature. 

If convection is the most important factor in the loss of heat from the fila- 
ment, it would seem that above a certain temperature the heat loss would increase 
less rapidly than proportional to the temperature. On the other hand, if, at the 
highest temperatures, conduction should predominate, the heat loss should 
still not increase more rapidly than with the 1.85 power of the temperature. 

These considerations lend particular interest to the conclusions drawn from 
the experiments on the formation of nitric oxide around the Nernst glower. 
If it should be a fact that the heat loss by convection and conduction from 
a Nernst glower at 2400° varies with nearly the fifth power of the temperature, 
it would seem to prove that some new and previously unsuspected phenomenon 
was taking place. A dissociation of the gas molecules into atoms or an absorp- 
tion of energy by the emission of ions from the hot surface suggest themselves 
as possible causes. Either cause, however, would be of sufficient interest to 
warrant further investigation. 

The Nernst glower is not suitable to use for these experiments, for the range 
of temperature over which it can be operated is too limited. No more suitable 
material could be found than the ductile tungsten wire made in this laboratory. 
In an atmosphere of hydrogen this wire can be heated to temperatures above 
3000°C for considerable periods of time. Furthermore, because of its very 
high temperature coefficient of electrical resistance, its temperature can be 
measured with considerable accuracy. 


Experiments with Tungsten Wire in Hydrogen 


The tungsten wire was suspended in the axis of a vertically placed glass: 
tube of 4 cm internal diameter, down through which a stream of very pure 
electrolytic hydrogen was made to flow. The hydrogen was purified by passing 
it through two furnaces containing copper gauze, then dried over sulphuric 


1 See Meyer's Kinetic Theory of Gases. 
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acid and phosphorus pentoxide, then passed through a tube filled with paladi- 
um asbestos heated to 300°C, and finally dried again over phosphorus pent- 
oxide. The wire was held at the upper end by a clamp, and the lower end was 
fastened to a heavy piece of platinum wire, which dipped into a small cup 
containing mercury in order to furnish electrical connection with a copper 
wire entering the lower end of the tube. The lengths of tungsten wire used 
ranged from 5 to 50 cm, and wires of four different diameters, 0.229, 0.069, 
0.045, 0.028 mm, were studied. 

A good many experiments were also made with tungsten wires placed hori- 
zontally, bent into loops and placed in vessels of various shapes and sizes. 

Two methods were used in determining the temperatures of the wire. First, 
where the temperature was sufficiently high a direct measurement of the hor- 
izontal candle-power of the wire was made by a portable Weber photometer.! 
The temperature was then calculated by means of the following formula: 


11,230 


4.933 —com tog( 4) 


T= 





where T = absolute temperature 
c = horizontal candle-power (international units) 
1 = length of the wire in cm 
d = diameter of the wire in mils. 


This formula is obtained from algebraic transformation from Rasch’s equa- 
tion,? slightly changing the constarits to agree with more recent work, and 
making the following assumptions: That the glass absorbs 3 per cent of the 
light; that tungsten radiates 51 per cent as much light as a black body at the 
same temperature. This last assumption is based on some measurements made, 
March, 1910, by the Bureau of Standards on the reflectivity of tungsten,’ and 
is in full agreement with the published results of von Wartenberg.! These 
measurements of the reflectivity were made at ordinary temperatures, but 
there has been much recent work to show that the reflectivity at high temper- 
atures is the same as at ordinary temperatures. This is especially well proven 
by the papers of Henning,’ Rubens® and von Wartenberg.’ 

The second method consisted in the determination of the resistance (per 
cm of length) of the hot wire from volt and ampere readings, and in the com- 
parison of this with the resistance (per cm) of wire from the same spool run 
at an efficiency of one watt per candle-power in an incandescent lamp. From 


1 Schmidt and Haensch. 

* Ann. phys. 14, 193 (1904). 

* Bull. Bur. Standards 7, 202 (1911). 

“ Ber. physik. Ges. (1910), 105-120. 

* Zeitsch. f. Instrumentenkunde 30 1195 (1910). 
* Ber. physik. Ges. 12, 172 (1910). 

? Ber. physik. Ges. 12, 121 (1910). 
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data available in this laboratory, which will probably soon be published, it 
was thus possible to calculate the temperature of the wire even at temperatures 
so low that candle-power measurements could not be made. The two methods 
gave results agreeing within about 50° at temperatures as high as 3000°. 


Summary of the Results 


1. The energy required to heat the wire to any given temperature is very 
nearly independent of the size of the vessel containing the hydrogen. As a rule 
the energy necessary to give a certain resistance per cm was about 10 per cent 
less in a large brass tube (9 cm diameter) than it was in the glass tube (4 cm 
diameter). 

2. The position of the wire in the vessel makes considerable difference 
low temperatures, but at high temperatures (above 2400°K) it has very little 
effect. Whether the wire is vertical or horizontal or even bent into the shape 
of a loop makes comparatively little difference at high temperatures. 

3. Even at the highest temperatures no appreciable fraction of the whole 
current is carried by the gas in the neighborhood of the wire when the latter 
is straight. If the hydrogen close to the wire should become sufficiently ionized 
to conduct a perceptible part of the current, it would cause a marked decrease 
in the resistance and thus cause a very large divergence in the temperature 
calculated by the two different methods. In the case of wires bent into the form 
of loops (with ends about 1 cm apart), a very distinct decrease of resistance was 
observed when the voltage was greater than 200 volts and the temperature 
was 2900°K or more. Under these conditions, but at a somewhat higher tem- 
perature or voltage an arc always formed and destroyed the wire. 





Total energy lost by wire (watts per cm of length) 








‘Temper- 
eure Wire A WireB | Wire C Wire D 
absolute | diam, 0.028 mm | diam. 0.045 diam. 0.069 | diam. 0.229 
a ee a | * an 
1000°K ar 24 Aes oe 
1200 Are 3.0 3.3 5A 
1400 st ue 4.0 44 6.9 
1600 | or 5.3 5.8 9.4 
1800 ae 7A 8.0 12.9 
2000 8.8 9.4 10.7 17.8 
2200 11.2 12.2 14.1 24.8 
2400 14.5 16.0 18.9 35.0 
2600 20.0 22.2 26.6 52.7 
2800 28.6 324 39.2 
3000 42.4 48.0 59.5 
3200 67.3 77.3 97.5 
3400 RAL 136.4 175.0 
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4. The relation between energy consumption and temperature is given 
in the above table. These results are taken from smoothed curves obtained 
from experiments in which the wire was suspended in the axis of a vertically 
placed glass tube of 4 cm diameter filled with hydrogen. The rate of flow of 
hydrogen within ordinary limits had no effect on the energy consumption. 

According to A. Oderbeck,! the energy loss from small wires is indepen- 
dent of the diameter of the wire. This result can also be deduced from the 
formulas given by Peclet.? Hartmann,? also, finds the same to be true. From 
the above table it is seen that the higher the temperature, the more the heat 
loss depends on the diameter of the wire. At low temperatures (1200°K) the 
effect of diameter is very slight. On the other hand, at 2400°K the heat loss 
appears to be a linear function of the diameter, it being possible to calculate 
the energy from the equation 

w = w,(V.71+6.5 d) 
where w, = watts per cm for wire B 
d = diameter of the wire in mm. 

5. The loss of energy is seen to increase very rapidly with increasing 
temperature. The rate at which it is increasing may be calculated by the 
formula 

__ d(log 2) 
~~ d(log T) 


The following table gives the values of m calculated in this way from the 
data on wire B: 





Temperature absolute Exponent n 
1000° 1.86 
1500 2.08 
2000 2.71 
2500 4.03 
3000 6.90 
3400 10.1 


That is, up to about 1300°K the energy increases proportional to a power 
of the temperature between the first and the second, but above that it gradually 
increases more rapidly until at 3400°K it is actually increasing with more than 
the tenth power of the temperature. 

In a vacuum the energy loss is proportional to the 4.8 power of the temper- 
ature, and this exponent is constant over a very wide range. So, for a wire 
of about 0.045 mm diameter, heated in hydrogen, the ratio of radiated to total 
energy reaches a maximum at about 2600°K. At this temperature, however, 


1 Ann. phys. 56, 397 (1895). 


2 Traité de Chaleur, 3me Edition, Paris 1860, page 373. 
® Loc. cit. 
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only about 9 per cent of the total energy is lost by radiation, while 91 per cent 
is carried away by conduction through the hydrogen. At 1000°K the proportion 
of radiated energy is about 0.7 per cent, and at 3400° it is 3.4 per cent of the 
total energy. 

These results with hydrogen strongly confirm the conclusions drawn from 
the experiments with the Nernst glower. The most reasonable explanation 
of the very large heat conductivity of these gases at these extremely high tem- 
peratures seems to be that the molecules dissociate into atoms close to the 
filament, thereby absorbing a large amount of heat. The atoms then diffuse 
away from the wire, and there, because of the lower temperature, recombine and 
give up the head that was absorbed from the wire. That the dissociation of a gas 
causes an abnormally high heat conductivity was shown by Magnanini and 
Malagnini? in their study of the heat conductivity of nitrogen peroxide. They 
found that the partly dissociated gas had a conductivity three times as great as 
that which was completely dissociated. 

Experiments are now in progress to determine the energy loss of a tungsten 
wire heated in monatomic gases. Whether or not the above explanation is 
correct will undoubtedly be shown by these experiments. 


Melting Point of Tungsten 


In connection with these experiments it should be noted that the candle- 
power measurements indicate that the melting point of tungsten is at least 
3450°K. Pirani? had found 3570° by a very unsatisfactory method of extra- 
polation, but the best value up to that time, and the one that even now seems 
to be generally accepted, is that of von Wartenberg, who gave 3170°K. 

The author wishes to express his appreciation of the services of Dr. A. H. 
Barnes, who carried out much of the experimental work with tungsten wires 
in hydrogen. 


Discussion 


Dr. E. F. Norturup: Do these experiments throw any light on whether or not Stefan's 
law, that the total radiation is proportional to the fourth power of the absolute temperature, holds 
true at these high temperatures? 

Mr. I. Lancmuir: In the case of tungsten, tungsten not being a black body, Stefan's law 
does not hold with that exponent. We find that the radiation, instead of increasing with the 
fourth power, increases with the 4.8 powers of the absolute temperature. Tungsten, as it ap- 
proaches higher and higher temperatures, approaches more and more nearly to a black body condi- 
tion, not in any one particular wave-length, but as the point of maximum energy shifts to shorter 
and shorter wave-lengths, it shifts into a region where the emissivity of the metal is higher. The 
emissivity of tungsten for infra-red rays is low. At the lower temperature it emits, probably only 
20 per cent as muchas a black body would at the same temperature, whereas, with visible light 


* Nuovo Cim. 6, 352 (1897), 
2 Ber. physik. Ges. 310, (1910). 
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it radiates about 50 per cent as much. Consequently, as you raise the temperature, the radiation 
gradually shifts over from that part of the spectrum where its emissivity is around 0.2 up to a part 
of the spectrum where its emissivity is 0.5. That causes the energy to increase more rapidly than 
that of a black body. 

Mr. M.G. Lioyp: Were measurements in hydrogen made at any other than atmospheric 
pressure? If not, I should think that might shed some light upon the relations involved. 

Mr. Lancmuir: Some measurements at other pressures are in progress at present. We are 
fitted up to do it very easily at lower pressures. I know that at a pressure down to 10 centimeters 
mercury or thereabouts the heat lost by the filament is not affected very much by the pressure. 

I might just point out that some of these quantities of energy seem extremely high. We are 
dealing with current densities that are very different from what we ordinarily think of. One piece 
of wire a little over 0.001 inch in diameter, or 1.9 mils in diameter, carries about six amperes 
before it burns out, which means about 175 watts of energy per centimeter of length, or 11.5 
kilowatts per sq. cm of surface, about 30 times as much as the same wire would carry in a good 
vacuum, at the same temperature. This is as much energy as would be dissipated by a black 
body in a vacuum at a temperature of 6500°C. 


One other point is the advantages of carrying out melting point determinations of tungsten 
in an atmosphere of hydrogen. There are three very distinct advantages. In the first place, the 
fact that the energy goes up with nearly the tenth power of the absolute temperature, instead 
of the 4th or Sth power of the absolute temperature, means just this: You can get a great deal 
closer to the melting point without having a wire burnt out. In a vacuum, when you heat a wire 
close to the melting point, if one spot gets a little thin from some cause (either a little thin to 
begin with, or by evaporation of the metal), that would cause the temperature to rise a little at 
that point. In hydrogen the energy loss increasinz with the tenth power of the absolute temper- 
ature, the temperature will not rise above half as much above that of the rest of the wire as in a vacu- 
um itself. This is one advantage. 

The second is that the tube in which the experiments are made does not blacken up, and there- 
fore does not interfere with candle-power measurements. In a vacuum, if you get the filament 
right close to the melting point of the bulb, it will blacken while you take the measurements. 
You cannot take measurements at the melting point of tungsten and get a candle-power determi- 
nation worth anything. Thirty or forty per cent of the light is absorbed by the deposit on the 
bulb. 

The third is that the energy loss does not vary much with the diameter of the wire. If a wire 
does get thin in one place, it still gives out just as much energy as though it were larger, whereas 
in a vacuum, as soon as the diameter of the wire at any point goes down to one-half its original 
value, it loses only half of the energy at that point, and therefore gets a great deal hotter; in other 
words, the temperature rises very much more rapidly in a vacuum than in hydrogen. 

Mr. Cart HERInc (Communicated): Mr. Langmuir’s interesting paper involves some sub- 
jects which, in my opinion, have not been given the importance they seem to deserve. I refer more 
particularly to the general subject of the transmission of energy from a highly heated body to 
its surroundings, which is of such great importance in the economical operation of electric fur- 
naces. 

I was pleased to see that, unlike many other writers, he refers to this flux as energy, in distinc- 
tion from heat, although in the title and body of the paper he does use the words “thermal” 
and “‘heat loss,” which seem less consistent. The point I wish to emphasize is that, in my opinion, 
it leads to confusion and errors, and may even sometimes be quite wrong, to assume, as is so 
often done, that these so-called “losses” of energy from a highly heated body are necessarily 
always in the form of heat, and must therefore be accounted for by either radiation (of heat as 
such), conduction (true) and convection (of heat as such). Nor should they be called “Josses,”” 
in general discussions of the laws; in an arc radiation furnace, for instance, these so-called “losses” 
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constitute the useful energy; in an incandescent lamp these “losses” form in part the desired 
light. Why not call it, broadly, a transmission of energy, and then add how it has been transmitted. 

Radiant heat as such is an indefinite form of energy, more indefinite even than light, the 
latter being at least defined, in its wave-lengths, by the particular retina which the human eye 
has, that is, by the “visible” spectrum. When such wave-lengths of ether vibrations are very 
long, such as those used in wireless telegraphy, they can certainly not be classed as heat waves; 
and, on the other hand, when they are as short as in and beyond the ultra-violet part of the spec- 
trum, their heat value again becomes very slight; nor should heat radiations as such be confounded 
with other radiations, like light, which are converted into heat after having been radiated. Hence 
heat radiation at best is an indefinite and therefore unsatisfactory term to use in a quantitative 
sense. 

It has often suggested itself to me, and it does not seem unreasonable, that at such very high 
temperatures the energy which leaves a hot body may be in part, and perhaps even largely, 
energy of very short wave-lengths, like that in and beyond the ultra-violet part of the spectrum. 
If so, does it necessarily follow that the transmission of such waves, or of such a form of energy, 
must follow the laws of heat, that is, those of thermal radiation, conduction and convection? 
May not the passage or transmission of such energy follow other laws? If so, does it not create 
confusion to try to explain it by thermal laws or to reduce it to those laws? 

A true resistance to heat radiation seems hard to conceive, and is apparently not used in text 
books, yet a resistance to light radiation is implied in the terms transparent, translucent and 
opaque; is it known whether it exists for the still shorter waves? Roentgen rays are known to 
meet with less “resistance” in passing through the human body than light rays do; ultra-violet 
rays seem to cast no shadow of the human body, hence meet no resistance in it; some white bod- 
ies reflect them completely (hence have a low virtual resistance). In the passage of radiant energy 
through a body, can its subsequent transformation into local heat, generally called absorption, 
be properly referred to as being due to a resistance? Or can a body be said to offer a high resist- 
ance when it reflects such energy? Sometimes such absorption produces chemical changes in- 
stead of heat. 


If such a highly heated tungsten wire as that referred to in the paper gave off a relatively 
large quantity of energy of very short wave lengths, which seem likely, does it not, in view of 
the above, create confusion to try to account for it all by radiashort wave lengths, which seems 
likely, does it not, in view of these is calculated by the difference between the total and the other 
two? Mr. Langmuir has himself suggested another possible means of transmission, namely, by 
a storage of energy in the medium near the wire in the form of a dissociation of molecules into 
atoms, and a subsequent setting free of this energy as heat after these atoms have traveled bodily 
to a cooler region. This energy might therefore be said to be transmitted through space in the 
form of chemical bonds which combine atoms, just as some of the energy of Niagara Falls is 
transmitted through space by the railroads, in the form of calcium carbide (hence not as heat), 
to be set free as light and heat somewhere else. Such a transmission seems to be more akin to 
convection than to conduction, tho quantitatively the laws of convection would not seem to apply 
correctly; Mr. Langmuir, however, seems to call this kind of transmission ‘‘conductivity,”” which 
does not seem to be a consistent use of that term. 

This subject may have an important bearing on arc furnaces, particularly on those depending 
upon the radiations from the arc. Is it not likely that an arc sends out many short-wave chemical 
rays, or perhaps chemically active ions, besides mere heat and light, and may it not be that this 
chemically active energy plays an important part in sweating the roof of an arc furnace by chemical 
action rather than by temperature only? 

It seems to me that the general subject of the transmission of energy from hot bodies to the 
mediums surrounding them is of sufficient practical importance to warrant more careful and 
more systematic study than has been given it, and less looseness in our terms. 
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Mr. Langmuir states that “‘the rate of flow of hydrogen within ordinary limits had no effect 
on the energy consumption.” And yet he says later that, of the total energy, ‘91 per cent is carried 
away by conduction through the hydrogen.”” Heat conduction, as I understand it, refers to a sort 
of flow of heat energy from one part to another, just as water flows through a sponge or porous 
material; hence, if that material itself also moves away, such a movement ought to increase this 
flow, hence increase the apparent conductivity. The first statement seems to say it does not, yet 
the second says that almost the entire energy is transmitted by conduction, very little by radia- 
tion, and none by convection. His use of the term conduction seems unfortunate. 





CONVECTION AND CONDUCTION OF HEAT IN GASES 


Physical Review 
Vol. XXXIV, No. 6, 401, June (1912). 


Part I. Historical 


THE Loss of heat by convection from a heated body has apparently always 
been looked upon as a phenomenon essentially so complicated that a true 
knowledge of its laws seemed nearly impossible. A. Oberbeck! gives the general 
differential equations for this problem but finds it impossible to solve them 
for actual cases. L. Lorenz? for the case of vertically placed plane surfaces is 
able to obtain some approximate solutions which agreed fairly well with some 
of the older experimental work. But as an illustration of the view taken even 
recently by one familiar with practically all the literature I might quote from 
a paper by A. Russell.’ ‘“The phenomenon of the convection of heat at the 
surface of a body immersed in a cooling fluid is one which does not lend itself 
readily to mathematical calculation. If the fluid be a gas the variations of the 
pressure, density, and velocity at different points of the gas so complicate the 
problem that little progress towards a complete solution has yet been made.” 

In his own paper Russell then feels compelled to make the following simpli- 
fying assumptions in dealing with this problem. “The liquid is supposed to 
be opaque to heat rays. It is also supposed to have no viscosity (italics mine). 
The liquid therefore slips past the surface of the solid. In addition it is sup- 
posed to be incompressible. Hence we should only expect the solutions to give 
roughly approximate values when applied to the problems of spheres and 
cylinders being cooled by currents of air.” 

Kennelly! who made very elaborate measurements of the “Convection 
of Heat from Small Copper Wires” also finds the theory involved very compli- 
cated and is satisfied to derive empirical laws to express his results. He says 
“The lateral conduction through the air is negligible because the air does 
not remain at rest but expands and flows convectively. Consequently we may 
safely ignore conductive thermal loss.” ‘Convection loss from the wire is 
a hydrodynamic phenomenon, involving the flow of air past the surface of 


1 Ann. Phys. 7, 271 (1879). 

2 Ann. Phys. 13, 582 (1881). 

* Phil. Mag. 20, 591 (1910). 

* Trans. A. I. E. E. 28, 363 (1909). 
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the wire, and the amount of heat which this moving stream can carry off. 
Very little seems to be known quantitatively about convection.” 

Such views as these are not conducive to the finding of simple laws if such 
exist. 

The writer has long felt that the assumption that the effect of the viscosity 
of the gas is negligible is unwarranted. In the case of convection from small 
wires it has seemed rather that it is one of the most essential of the factors 
involved. The writer’s views on this were given in his thesis on some reactions 
around glowing Nernst filaments,’ from which the following extracts are 
taken. 

“In the case of electrically heated glowing filaments the rate of loss of energy 
is equal to the watts input. If, as is often the case, the radiation loss may be 
calculated, this may be subtracted and one thus obtains the energy lost by 
convection and heat conduction through the gas. Now according to the kinet- 
ic theory the viscosity of a gas increases with the square root of the absolute 
temperature; the driving force of the convection being proportional to the 
difference of density between the hot and cold gas, increases only very slowly 
with increasing temperature. Therefore in the immediate neighborhood of 
the filament the flow of gas is small and the heat must be carried away prac- 
tically only by conduction.” 

“It would seem, however, as though heat conduction alone ‘would come 
into account up to a distance of about 0.2 mm from the center of the wire. 
It is highly probable that at very high temperatures, for example 2200°, the 
motion of the gas in the immediate neighborhood of the wire would not per- 
ceptibly increase but probably decrease, while at the same time the heat con- 
ductivity of the gas would increase very greatly. (For example the heat con- 
ductivity, k, at 2300°K is 27 x 10-5 while at 273°K it is only 4.7 10-®.) Thus 
even at a distance from the wire where the motion of the gas is considerable, 
the conduction will be more important than the convection.” 

“Therefore up to a distance of a few tenths of a millimeter from the 
glowing body one may consider the heat to be carried only by radiation and 
conduction.” 

“If W is the rate of energy loss per cm of length of the wire and k the coeffi- 
cient of heat conductivity, a the radius of the wire and 7, its temp., then for 
the temp. T at a distance r from the axis of the wire the relation holds:” 


a de 
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Some later experiments by the author in this research laboratory? led to 
some very interesting results as to the heat losses in hydrogen from tungsten 

1 Uber partielle Wiedervereinigung dissocierter Gase im Verlauf einer Abkiihlung. Inaugural 
Dissertation, Géttingen, 1906. 

2 Trans. Amer. Electrochem. Soc. 20, 335 (1911). 


2 Langmuir Memorial Volumes II 
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wires at very high temperatures. In connection with this work it was highly 
desirable to know the laws of heat ‘‘convection” more definitely, so the work 
described in the present paper was undertaken to test out the theory advanced 
in the above mentioned dissertation and, if the results should warrant it, 
to develop the theory further and give it more definite form. Several consid- 
erations had made it seem probable that the above theory would be fairly 
close to the truth. For example it had been noticed that the watts loss from 
a wire was very nearly independent of the position of the wire, that is, whether 
it were placed vertically or horizontally. Now the lines of flow of the heated 
air around the wire would be totally dissimilar in these two cases. Yet it was 
found that the energy necessary to maintain a piece of pure platinum wire at 
any given temperature (resistance kept constant) never differed by more than 
6-8 per cent for the vertical and the horizontal wire and at a bright red heat or 
above the difference became negligibly small. This was strong indication that 
the heat loss was dependent practically only on heat conduction very close to 
the filament and that the convection currents had practically no effect except 
to carry the heat away after it passed out through the film of adhering gas. 

The thickness of the film of gas through which the conduction takes place 
can be calculated from equation (1) if the temp. of the wire, its diameter and 
the heat conductivity are known. This last quantity however varies considerably 
with the temp. and there is little data available on the heat conductivities of 
gases at very high temperatures. 


Part II. Theoretical. Heat Conductivity of Gases at High Temperatures 


The literature on the heat conductivity of gases is relatively meager com- 
pared with the wealth of material on the viscosity of gas. Fortunately the kinet- 
ic theory furnishes us a means of calculating the heat conductivities from 
the viscosities. 

Meyer! gives the relation: 

k = 1.603he,, 
k = heat conductivity, h = viscosity, ¢, = specific heat (per gram) at con- 
stant volume. 

Eucken in a recent paper* shows that the constant (which will be denoted 
by K) for the monatomic gases, helium and argon, is 2.50 instead of 1.603 and 
that for diatomic gases, H,, O,, N,, and air it is 1.90. He also shows that K 
is independent of the temperature over a wide range. 

In view of the serious difficulties involved in measurements of heat conduc- 
tivities of gases and the ease and accuracy with which the viscosities can be 
measured it seems highly probable that the heat conductivities calculated in 
this way are much more reliable than those measured directly. 


1 Kinetic Theory of Gases. 
* Physik. Zeitschr. 12, 1101 (1911). 
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Viscosity of Gases 
The variation of the viscosity of gases with the temperature has been the 
subject of many careful researches in the last few years. In every case Suther- 
land’s formula seems to agree within the experimental error with the results, 
at least in all cases of gases above their critical temperatures. 
Sutherland’s formula may be written 
KT'h 











= : - 2 
_h “ C (2) 
T 
The values of K and C for H,, air and Hg are: 
Gas 10° K Cc Observer 
! 
Hoe 33 sins’: 6.6 77 ‘| Fisher, Phys. Rev. 24, 385 (1907). 
Air ....... 15.0 124 | Fisher, Phys. Rev. 29, 106 (1909). 
Hg ....... 65.0 960 | See below. 





The viscosity of mercury vapor has been determined by Koch’ and his 
results were confirmed by Noyes and Goodwin.? These results do not agree 
with Sutherland’s formula, probably partly because of errors made at low 
temperatures and partly because the temperature of observation was much 
below the critical temp. of mercury. Koch gives for the highest temperature 
at which he made measurements: 


at 380°C 10°h = 0.654, 


or extrapolating from this results: 
at 420°C 10°h = 0.718. 


This last result is probably far enough above the boiling point so that the 
viscosity is nearly normal and for temperatures above this, Sutherland’s for- 
mula would probably give the correct values. A. O. Rankine® shows that 

T. 

15’ 

where 7, is the critical temp. As no data are available for the critical temp. 
of mercury it may be roughly calculated. The ratio of the boiling points (in 
°K) and critical temps. for most liquids is nearly constant, about 1 : 1.7. Thus 
the critical temp. of mercury would be about 1100°K. Hence C = 1/1.15x 
1100° = 960. From this and the viscosity, the value of K may be easily 
calculated. K = 65.0x10-*. This should be considered only a rough approx- 
imation. 


C= 


1 Ann. Phys. 19, 857 (1883). 
® Phys. Rev. 4, 207 (1896). 
* Proc. Roy. Soc. London, A 84, 181—92 (1910). 
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Specific Heats.— The most reliable data seem to be those of M. Pier’ who 
gives for the actual molecular specific heat (constant volume) at the temp. T 
(absolute): 


For H, ¢, = 4.454+0.00097, 
air c, = 4.654+40.0009T, 
Hg c, = 2.98. 


For the calculation of the heat conductivity we need the specific heats 
per gram. Assuming the “molecular weight” of air to. be 28.8 we get 


For H, ¢, = 2.21(1+0.00027), 
air c, = 0.1614(1+0.00027), 
Hg ec, = 0.0149. 
Heat Conductivities. — For hydrogen and air k = 1.90he,. 
For mercury vapor at high temperatures we may safely assume k = 2.5he, 
although Schleiermacher? found experimentally a value of 3.15 for the con- 


stant at a temp. of 203°C. 
We thus obtain from the data for h and c, 


1+0.0002T 


For H, k = 28x10-*)/T . ——_-., (3) 
reeks 
T 
ie —z 140.0002T 
air k = 4.6x 10) T - 57, (4) 
T 
Wa 1 
Hg k = 2.4x10-y/T - —ya7- - (5) 
aon 


These equations should hold especially well at very high temperatures, 
when the gases are far above their critical temperatures. 

But in the problem of the convection of heat from a hot wire, the difference 
in temperature between the wire and the atmosphere around it is often so 
great that we cannot consider the heat conductivity as being constant. We 
shall need to take into account the variation of the heat conductivity in the 
different layers of hot gas around the wire. 

In any problem in heat conduction where steady conditions prevail we 
may write: 

dq dT 


gndes (6) 


1 Z. f. Electrochem. 15, 536 (1909), and 16, 899 (1910). 
* Ann. phys. 36, 346 (1889). 


Go gle JNIVERSITY OF CALIFORNIA 


Convection and Conduction of Heat in Gases 21 


where dq = heat flowing per second through the area ds, k = heat conductiv- 
ity, T = temperature, x = distance measured perpendicular to the surface ds. 

If the heat flux is uniformly distributed over the whole surface s then we 
may separate the variables and integrate the equation as follows: 


fxar=of%, (7) 


where k is a function of T only, and s is a function of x only. 
If we measure the rate of loss of heat in watts (W) we have: 


_ 4.19fk dT 
= = : 
s 
Cylindrical Wires.— Let us consider a wire of diameter a surrounded by 
a cylindrical film of gas of a diameter 6. Let T, be the temperature of the wire 


and T, the temperature of the gas at the outer surface of the film, i.e., at a dis- 
tance 15 from the center of the wire. Then, if / is the length of the wire, 


dx 1 b 
fea. (9) 
If W be the watts of heat energy conducted away from the wire per unit 
of length then 


W (8) 


Tv, 
w= ad f kaT. (10) 
In— 17, 
a 
For convenience place 
T 
p= 4.19 fkaT, (11) 
0 . 
and place 
2n 
i: (11a) 
In — 
a 
Whence 
W = s(p.—71). (12) 


Plane Surface—— Consider a plane surface of area s with an adhering film 
of gas of the thickness B. Equation (8) then becomes 








T, 
s ‘. s 
W = 4.195 4 kdT = 5 (¥2—m1)- (13) 
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The function ¢ can be readily calculated and plotted as a function of T. 
For any gas the heat conductivity k can be put in the form 





k= Altar); (14) 
14 F 
as a very close approximation we have 
¢ = 4.19A(1+4+0.6aT) f oe, (15) 
a eed 
and (accurately) 
Dip ans 
(72% = 37 —2CT "+ 4.2C% tant Ve (16) 
c Cc 
8 1+ R 


The values of @ for air, hydrogen and mercury vapor from 0°K up to high 
temperatures have been calculated (by slide rule) and are given in the following 
table: 

Taste | 


Table of y, in Watts per cm, as Function of Absolute Temp. (°K) 











T°K | Hydrogen | Air Mercury vapor 
0° | 0.0000 0.0000 
100° | 0.0329: 0.0041 | 
200° : 0.1294 | 0.0168 | 
300° 0.278 0.0387 
400° i 0.470 0.0669 
500° 0.700 | 0.1017 0.0165 
700° 1.261 | 0.189 0.0356 
900° 1.961 0.297 0.0621 
1100° f 2.787 | 0.426 } 0.0941 
1300° | 3.726 0.576 | 0.1333 
| 
1500° 4.787 0.744 0.1783 
1700° 5.945 j 0.931 0.228 
1900° 7.255 1.138 0.284 
2100° | 8.655 1.363 0.345 
2300° | 10.18 1.608 0.411 
2500° | 11.82 \ 1.871 0.481 
2700° | 13.56 | 0.556 
2900° 15.54 0.636 
3100° 17.42 ! 0.719 
3300° | 19.50 H 0.807 
i | 
3500° 21.79 : 0.898 








Convection and Conduction of Heat in Gases 23 


Theory of Conducting Film 


Let us assume that the viscosity of the gas causes the heat to flow from 
a hot wire as though there were around the wire a stationary cylindrical film 
of gas (of diameter 6) through which heat is carried only by conduction. 


If we know the watts lost by a wire per cm of length we are now in a position 
to calculate the diameter 5 of this film. 


It is to be expected that 6 will vary with the diameter of the wire. Mr. E. Q. 
Adams of this laboratory has derived a relation between 5 and the diameter 


of the wire, a, which has been well verified by the experimental results. Mr. 
Adams’ derivation is: 


Derivation of 5 In® = 2B, 


“The effective thickness of the film of air near a plate or wire is the distance 
the heat must travel before the heat flux due to temperature difference becomes 
negligible compared with that due to convection. 

“At constant pressure the temperature and the temperature gradient at the 
outside surface of the film are assumed to be independent of the diameter 
of the wire. 

“Consider now the analogy between the cases of heat conduction from 
a wire and from a plane under similar conditions of temperature, etc. 

“Let r =the distance of any isotherm from the axis of the wire. 

“And x = the distance of the corresponding isotherm from the plane. 

“While r varies from a/2 to 5/2, x varies from 0 to B. 

“Since the temperature gradient at the surface of the film is assumed in- 
dependent of the radius, at this point: 


dr = dx. 

“Elsewhere, since within the film convection is considered to be negligible, 
the total heat flux is constant, and since the conducting area is proportional 
to r and the heat conductivity at the same temperature independent of it, the 
temperature gradient is inversely proportional to r. 

“Whence: 


dr = de. (18) 


jo] 


“Since the comparison is between points at the same temperature only, 
the temperature coefficient of heat conductivity does not enter at all. 
“Integrating between limits: 


2B 
lhn— = —. 
a 


b 
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“Multiplying by b: 


hin =k, 
a 


Calculation of the Energy Loss from Cylindrical Wires 


From (11a) 


Substituting in (19) 


or 


But from (11a) 


Whence 


or 


From this a curve may be drawn giving a/B as a function of s. 


(19) 


(20) 


(21) 


(22) 


The following table gives values of s and a/B from which such a curve may 


be plotted (slide rule calculation). 














Taste II 

s a/B s a/B s a/B s a/B 
0.0 0.0 5.0 0.453 10 1.696 30 7.738 
0.5 0.735 x 107? 5.5 0.558 12 2.263 32 8.370 
1.0 0.594 x 10-8 6.0 | 0.671 14 2.844 34 8.995 
1.5 0.725 x 10-* 6.5 0.788 16 3.438 36 9.622 
2.0 2.752 x 10-® 7.0 0.908 18 4.040 38 10.25 
2.5 0.0644 7.5 1.032 20 4.645 40 10.87 
3.0 0.1176 8.0 | 1.160 22 5.263 42 11.50 
3.5 0.185 85 | 1.291 24 5.877 44 12.14 
4.0 0.265 9.0 1.424 26 6.505 46 12.77 
4.5 0.354 ' 9.5 1.561 28 7.122 48 13.40 
5.0 0.453 10.0 1.696 30 7.738 50 14.03 
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If we know the value of B for any gas, thas is, if we know the thickness 
of the film of gas in the case of a plane surface then we can very easily cal- 
culate the watts loss per unit of length from a wire of any diameter. The calcu- 
lation is as follows: 


Given.— B, the thickness of film for plane surface; a, the diameter of the 
wire. 


Method.— 1. Calculate a/B. 2. Look up the corresponding value of s from 
the above table (or on curve). 3. Look up the values of » corresponding to the 
temperature of the wire and to the temperature of the gas some distance from 
the wire. 


Result.— Then W, the watts lost per cm of length of the wire, will be 
w= S(P2—91) . 


Variation of B with the Pressure, Temperature and Nature of the Gas 

Although the effect of these factors on b, the thickness of the film around 
a cylindrical wire, would be complicated and difficult to foresee, yet it would 
seem pobable that B, the thickness of the film for a plane surface, would 
vary in some simple way. The most natural assumption seems to be that B 
would be proportional to the viscosity of the gas and inversely proportional 
to its density. For it is the viscosity that causes the existence of the film and 
it is the difference of density between hot and cold gas (proportional to the 
density itself) that keeps the film from becoming indefinitely large. 


Part III. Experimental 


Calibration of Platinum Wire 

Twenty feet of platinum wire, 0.020” in diameter, was especially prepared 
for us by J. Bishop from the purest platinum. 

We specified that it should have a temperature coefficient of electrical resist- 
ance of 0.0038 (from 0°—100°C) but actually we found it to have only 0.00350. 
The purest platinum obtainable from Hereaus has a temperature coefficient 
of 0.0039. Nevertheless, we decided that this platinum would fill our needs. 

Part of this wire was drawn down, through diamond dies, to the following 
sizes: 


0.010, 0.005, 0.0027 and 0.0016 inches. 


The wires were annealed and the resistance of three of them was deter- 
mined at the temperatures 0°, 100° and 445°, and the constants of Callendar’s 
formula were calculated and found to be 


a = 0.00350, 
6 = 1.720. 
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Slight differences were observed between the different wires, but as no 
very great accuracy was sought it was assumed that the above constants would 
give the resistance of all of the wires. 

In a previous paper the author has shown that above a temperature of 
about 1100°C the resistance of platinum no longer follows the parabola of 
Callendar, but is practically linear. The ratio between the hot resistance and 
the resistance at 0°C was calculated from the parabolic formula up to 1300°K 
and then continued as a straight line. A few points from the curve obtained 
are tabulated below. 


Ratio of Resistance at T° to Resistance at 273°K 


tT | 273! 473| 673! 873 | 1073 1273 | 1500! 1700 | 1900 
R/Ry; 1.000, 1.688 | 2.328 


| | 
| | 2.919 | | 3463 | 3.958 | 4742 | s.273 | 5.804 
The accuracy of this calibration was such that the errors in the tempera- 
tures undoubtedly do not exceed 20° at 1300°K and perhaps 50° at the melting 
point of platinum. 








Taste III 


Wires Used for Experiments 
The data for these wires are tabulated below 











Dacia | Di , Specific resist- 
Wire | D' ; Diameter — Pet | cee cube Temp. cock. 6, callendar 
|" inches | cm cm at °C Q2/cm mnicrohina a, from 0°C | equation 
1. 0.00159 0.00404 0.882 | 11.26 | 0.0035 | 1.72 
Il. | 0.00272 0.00691 0.2878 10.80 | . 7 
III. | 0.00497 | 0.01262 0.0878 | 11.00 7 | “ 
IV. 0.00987 0.02508 0.0218 10.77 “s | “ 
Vv. | 0.02004 0.0510 0.00572 11.62 “ " 











The diameters were found by weighing measured lengths of wire on a sen- 
sitive balance, and assuming the density of the platinum to be 21.48. These 
results agreed well with measurements with a micrometer. 


Free Convection from Horizontal Platinum Wires in Air 


A piece of the wire about 40-50 cm long was held horizontally between 
clamps in a wooden box open at the side. It was found that very steady readings 
could be obtained if the wire was merely protected from draughts by placing 
a few large screens around it. For convenience a box was used. It was about 1 
meter long, 30 cm high and 15 cm deep. The wire was placed about 10 cm 
from the top. 


1 J. Am. Chem. Soc. 28, 1357 (1906). 
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Direct current from a 125-volt line was passed through the wire. The current 
was measured by acalibrated ammeter. The voltage was measured with a volt- 
meter, connected to fine platinum-wire leads which were welded to the hot 
wire at points far enough from its ends to avoid the cooling action of the latter. 


Tasre IV 


Sample Series of Observations on Free Convection from Pt Wire in Air 
Wire No II. Diam. 0.00691 cm. Total length 43.9 cm. Length between 
voltmeter lead 37.32 cm. Wire horizontal. Room temperature 300°K 











Volts Amperes | Watts. | Resist. atO°C Temp. 
| cm R °K 
1.59 0131 | 0.00356 1.13 308 
2.72 0.217 0.0158 1.16 320 
3.92 0.288 0.0302 1.27 350 
5.00 0.34 0.0429 1.37 380 
6.80 0.415 0.0758 1.53 425 
9.40 0.499 0.1257 1.75 490 
14.35 0.615 0.2305 2.17 620 
18.9 0.679 0.344 2.59 760 
25.8 0.771 0.534 3.12 945 
28.1 0.800 0.603 3.28 1010 
33.9 0.861 0.788 3.66 1155 
38.8 0.915 0.952 3.95 1278 
42.9 0.958 1.12 4.18 1370 
45.1 0.98 1.183 4.30 1420 
47.2 1.00 1.265 4.40 1460 
69.6 1.22 2.275 5.31 1850 
72.5 1.235 ' 2.40 5.48 19201 














From the volts and amperes the watts per cm of length and the resistance 
were calculated. The cold resistance was measured by a Wheatstone bridge. 
The resistance at 0°C was calculated, and the ratio of the hot resistance to 
that at 0°C was calculated and from this the temperature was determined from 
the calibration curve obtained as described above. 

About the same number of observations were made with each of the other 
wires. A few only of these, taken at random, are given in the following table: 

All the observed values of watts/cm (87 observations) were plotted against 
temperature and smooth curves drawn as nearly as possible through the points. 
With two exceptions the maximum deviation of the observed watts/cm from 
that of the curve was 3 per cent and in most cases the deviation was less than 
1 per cent. So it is evident that the convection currents were steady and that 
draughts of air were not influencing the results. 

The following data were taken from the smoothed curves as obtained above. 


» Burnt out. 
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TaBLe V 
. " Hi | | . Lee r 
Wire Diam. | Length Volts. | Amps. Watts | Resist. at °C Temp. Remaiks 
No. cm cm | cm °K | 
I. 0.00404! 33.94 | 12.08 | 0.25/ 0.089! 1.62 450 | 
| 1 47.9, 0.45 | 0.635 | 3.56 1112 | 
70.0 | 0.53| 1.082 ; 441 | 1470 | 
102.0 | 0.63 | 1.892 | 5.40 1890 | Burnt out 
! 
Il. ‘0.00691 — — | given above a 
III. 0.01262 36.5 5.52 | 0.95] 0.144 | 1.820 512: 
\ i 
| 18.1 1.60 | 0.794 3.54 1105 | 
| 28.5 | 1.95] 1.524! 4.56 1530 | 
| | | 47.5 | 2.62) 3.41 5.65 1995 ; Burnt out 
j ! 
IV. 0.02508 37.45; 3.60 | 2.30 | 0.221 | 1.92 545 | 
' : 11.12 | 3.74) 1.11 | 3.64 1 1145 j 
| | | 14.5 | 4.24| 1.64 4.19 | 1375 
! | 19.4 4.85 | 2.48 | 4.84 * 1650 | Burnt out at thin 
' 23.7. | 5.42] 3.44 | 5.35 | 1868 | spot 
| ; 
V. 0.0510 | 44.5 2.19 | 4.75 | 0.234! 1.815 | 510 
| i ' 6.83 | 8.00 | 1.227 3.31 * 1020 | 
11.99 | 10.60! 2.85 | 4.45 | 1485 | 
j 17.70 | 13.00; 5.175! 5.35 1868 | Not burnt out 
| | { 
Tas.e VI 


Total Energy Losses from Horizontal Platinum Wires 
in Watts per cm 


in Air (300°K) 











Wire Diam. | Temp. °K 

No. em | 500 | 700 | 900 | 1100 | 1300 | 1500 | 1700 | 1900 
1. 0.00404 | 0.11 | 0.24 | o41 | 0.61 | os¢ | 114 | 1.54 | 2:13 
Il. 0.00691 | 0.12 | 0.29 | 0.48 | 0.72 | 0.99 | 1.33 | 1.79 | 2.48 
IIL. 0.01262 | 0.13 | 0.31 | 053 | 0.79 | 1.11 | 1.46 | 1.95 | 2.71 
Iv. 0.02508 | 0.17 | 0.39 | 0.68 | 1.02 | 1.45 | 200 | 268 | 3.55 
Vv. 0.0510 | 0.22 | 052 | 090 | 1.42 | 203 | 289 | 410 | 5.65 


| 





Radiation from Platinum 


The total radiation per sq. cm of surface from a black body at tempera- 


ture T is 


T 4 
5.32 (sa) watts . 


Or, the radiation from a wire of a cm in diameter is 


T 4 
16.7a (c00 | watts per cm. 


Original 
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Now platinum is far from being a black body. Lummer and Kurlbaum! 
have determined the ratio between the radiation from platinum and that of 


a black body and found 

Ratio Pt: Black Body 
Per cent 

Ziovaolotare’ wile iain’ 4ia 5 b:€i0/efordedie osteo Wieio o.eldaivTers ny soeieterereltas 3.9 





From these data a curve was plotted and the radiation from the platinum 
wire used in these experiments was calculated as follows: 


Tase VII 
Energy Radiated from Platinum Wires in Watts/cm 














Wire Diam. Temp. °K 

No. cm 500 | 700 | 900 | 1100 | 1300 | 1500 | 1700 | 1900 
I. 0.00404 | 0.000 | 0.001 | 0.004 | 0.011] 0.026] 0.05 | 0.10 | 0.17 
Il. 0.00691 | 0.000 | 0.002 | 0.007 | 0.019] 0.044] 0.09 | 0.17 | 0.29 
II. 0.01262 | 0.001 | 0.003 | 0.012 | 0.034] 0.080! 0.17 | 0.31 | 0.53 
IV. 0.02508 | 0.001 | 0.007 | 0.024 | 0.067| 0.159] 0.33 | 0.62 | 1.06 
Vv. 0.0510 | 0.002 | 0.013 | 0.049 | 0.137 | 0.323 | 0.67 | 1.25 | 2.15 





Subtracting these corrections from the total watts lost in air we get 











Tasie VIII 
Energy Conducted from Platinum Wires by Air, or ‘‘Convection’’ Losses 
in Watts/cm 
Wire Diam. Temp. °K 
No. cm 500 | 700 | 900 | 1100 | 1300 | 1500 | 1700 | 1900 
I. 0.00404 | 0.11 | 0.24 | 0.41 | 0.60 | 0.81 1.09 | 1.44 | 1.96 
Il. 0.00691 | 0.12 | 0.29 | 0.47 | 0.70 | 0.95 | 1.24 | 1.62 | 2.19 
Il. 0.01262 | 0.13 | 0.31 | 0.52 | 0.75 | 1.03 | 1.29 | 1.64 | 2.18 
Iv. 0.02508 | 0.17 | 0.38 | 066 | 0.95 | 1.29 | 1.67 | 2.06 | 2.49 
v. 0.0510 0.22 | 051 | 085 | 1.28 | 1.71 2.22 | 2.85 | 3.50 


| 





From these data the thickness of the film of air, B, for a plane surface was 


calculated as follows: 
WwW 


s= —_—_. 


Pa 
(¢ being taken at 300°). 


* Verh. Phys. Ges., Berlin, 17, 106 (1898). 
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Then from a curve giving the relation between s and a/B (equation 22) 
the corresponding value of a/B was found. From this B was calculated. 


Taste IX 
Thickness of Air Film for Plane Surface Calculated from Table VIII 

















Wire Diam. | Temp. OK 

No. cm | soo / 700 i 900 | 1100 ! 1300 | 1500 1 1700 | 1900 | Mean 
I. 0.00404 | 0.27| 0.43 | 0.43 | 0.47] 0.56] 0.47| 0.40 | 0.25 | 0.41 
Il. 0.00691 0.31 | 0.32 | 0.38 | 0.40 | 0.43 | 0.47 | 0.38 | 0.26 | 0.37 
Il. 0.01262 0.42 | 0.42 | 0.44} 0.49 | 0.56 | 0.69 | 0.69 | 0.47 | 0.54 
IV. 0.02508 0.30 | 0.37 | 0.37 | 0.41 | 0.45 | 0.45 | 0.51 | 0.56 | 0.43 
v. 0.0510 0.28 | 0.30 | 0.33 | 0.33 | 0.36 | 0.37 | 0.35 | 0.36 | 0.34 

Mean | | 0.31 | 0.37 | 0.39 | 0.42 | 0.49 | 0.49 | 0.47 | 0.38 | 0.41 





In drawing conclusions from the above table it should be borne in mind 
that a small error in the W/cm will make a very large variation in B, as will 
be more clearly shown later. 

Two facts stand out clearly from the above table: 

1. The thickness of the film, B, calculated for a plane surface does not 
vary with the diameter of the wire. That is, within the experimental error, 


the expression 


bin’ = 28 
a 


gives the relation between the thickness of the film and the diameter of the 
wire. 

2. The film thickness B is surprisingly independent of the temperature. 
Considering the possible errors in the temperature measurements owing to 
the wires not being separately calibrated by resistance, it appears probable 
that B is independent of the temperature within the experimental error. To 
see if this is so and to judge the accuracy of the results the watts per cm were 
calculated from equation (21) assuming the value of B = 0.43 cm (a weighted 
mean of the above values of B). 


TaBLe X 


Calculated Energy Loss by Convection 
B= 0.43 cm 





Wire Diam. | 500 | 700 | 900 | 1100 | 1300 | 1500 | 1700 | 1900 





1. 0.00404 | 0.10 0.24 0.41 0.62 0.85 1.12 1.42 1.74 
Il. 0.00691 | 0.11 0.27 0.46 0.69 0.95 1.25 1.58 1.96 
Ill. 0.01262 | 0.13 0.31 0.53 0.79 1.09 1.44 1.81 2.24 
IV. 0.02508 | 0.15 0.36 0.64 0.94 1.30 1.72 2.17 2.67 
V. 0.0510 0.19 0.45 0.78 1.16 1.61 2.11 2.68 3.30 
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By a comparison of Table X with Table VIII it will be seen that the differ- 
ences are relatively small, in fact probably within the experimental error. 
For example the greatest deviation is with wire III at 1700°, the calculated 
power loss being 1.81 watts/cm whereas 1.64 was found by experiment. This 
is an error of 10 per cent but corresponds to an error in the resistance of the 
wire of 4.5 per cent or an error in temperature of about 90° at 1700°. In nearly 
every other case the errors are much smaller than this. The general tendency 
for the calculated W/cm for wire V to be less than the observed may be 
connected in some way with the fact that the specific resistance of this wire 
is considerably higher (5 per cent) than that of the others (see Table III). 
An error in the temperature measurements of about 4 per cent (i.e., 40° at 
1300°) from this cause would account for the discrepancy in the calculated 
W/cm. 


Free Convections from Tungsten Wires in Hydrogen 

In a previous paper! the relation between power consumption and tem- 
perature for tungsten wires in hydrogen was studied. In those experiments 
the temperatures were determined for the most part from the change in the 
resistance of the wire and from its known temp. coefficient. In a few cases 
these results were checked by photometric measurements. 

These experiments have now been repeated with much more care and in 
each case the temperature was determined both by resistance and by candle- 
power except at such low temperatures that the candle power could not be 
measured. The two ways of measuring the temperature gave nearly identical 
results. The energy lost by radiation was calculated from the formula 


W 7 4.74 
W  394( 75] 


W, watts; J, length in cm.; a, diameter in cm. 

This formula has been derived in the course of a careful study of the radia- 
tion from drawn tungsten wires in exhausted lamps. 

The following table gives the W/cm loss from tungsten wires in hydrogen 
corrected for radiation by the above formula. Most of the experiments were 
made with the wire vertically suspended in a tube about 5 cm diam. Moderate 
variation in the size of the tube had little effect. 

The results in column marked I are those previously published. 

Column II gives results obtained by the same observer that obtained the 
results of column I, but in a different series of experiments. 

In column III are the results obtained in the recent experiments referred 
to. At low temperatures they are probably not any more reliable than those 
of columns I and II, but at high temperatures (above 2300°) where the candle 


1 Trans. Amer. Electrochem. Soc. 20, 225 (1911). 
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Taste XI 
Wire: Drawn Tungsten 0.0045 cm Diam. 





Watts per cm observed Calculated W/cm} Ratio 








Temp. °K | a= 
I = ae eee IV III/IV, V 
| l ] 
500 0.42 0.48 
700 = 1.10 = 1.11 a 
900 = 2.00 = 1.90 a 
11000 =| 2s) | 2.90 2.2 2.84 0.77 
1300 | 86038) | 3.70 2.9 3.9 | 0.75 
1500 7 ie en 3.9 5.1 | 0.76 
170 =6| 5.9 = 5.0 6.4 | 0.77 
1900 7.9 = | .69r | 7.9 0.88 
2100 10.1 = 8.9 9.5 0.94 
2300 13.0 =. 11.2 11.2 1.00 
2500 17.4 = 16.0 13.0 1.23 
2700 24.8 = 4+ 96% 15.0 1.63 
2900 36.4 — | 390 17.3 2.26 
3100 56.4 — 60.2 | 19.4 3.11 
3300 96.2 e 88.2 21.8 4.06 


powers were used for the temperature estimation, the results of column III 
are much more trustworthy than those of column I. 

The calculated W/cm given in column IV were obtained as follows: 

For air at atmosphere pressure and room temp. B is equal to 0.43 cm, 
the weighted mean obtained from Table IX. We assume, for different gases 
or the same gas under different conditions, that B would vary directly as the 
viscosity and inversely as the density at the outside surface of the film. At 
300°K the viscosity of hydrogen from equation (2) is 0.496 that of air. The 
density is 0.070 that of air. Hence B for hydrogen should be 0.496/0.070 or 
7.1 that of air, that is, for hydrogen at 1 atmos. 


Bi=3.05 em: 
For a wire 0.0045 cm 
a 
z= 0.00145, 
whence 
eae 1131: 


The W/cm (calculated) given in Table XI are obtained by multiplying 
this value of s by the values of p.—9, for hydrogen (see Table I) calculating 9, 
for the temp. 300°K. From the value of s by (11a) it is found that 4, the effect- 
ive diameter of the film of stationary gas around the wire, is 1.14 cm. 

Up to the temperature of 2000 the observed value of W/cm in columns 
I and III are less than the calculated. This is to be expected from two causes: 


Original from 
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(1) The gas in the tube is at a temp. above 300°K which would increase 9, 
and decrease y,—,, and with it, W. (2) The walls of the tube would prevent 
to some extent “free convection” and would tend to increase b, thus decrease 
s and therefore W. ‘ : 

On the whole at temperatures below 2300° the agreement is strikingly 
good in view of the fact that the results are calculated from experiments with 
platinum wires in air and that no arbitrary constants have been employed. 

The increasingly large deviations above 2300° are due to dissociation of 
hydrogen into hydrogen atoms. This was suggested in the previous paper 

_and has now been amply verified. The results on the measurement of the 
extent of the dissociation and the heat of the reaction were given in a paper 
presented before the Washington meeting of the American Chemical Society, 
December, 1911. These results will soon be published in the Journal of the 
Society. 


Free Convection from Tungsten Wires in Mercury Vapor 


The apparatus used in this experiment is illustrated in Fig. 1. A is a glass 
tube 2.5 cm in diameter, containing mercury at its lower end which serves 
to supply the mercury vapor and also to make electric contact with a platinum 
wire fastened to the lower end of the 
tungsten wire W. The wire W about 
7 cm long is welded at its upper end to 
a heavy platinum wire which is fastened 
to a steel rod F through which the 
current is supplied. The tube A is wound 
with resistance wire with leads E—E. 
Another coil with leads GG is placed 
around that part of the tube containing 
the mercury. Asbestos insulation K 
prevents too great heat loss from this 
lower end whereas a second glass tube C 
placed around A serves to prevent heat 
loss from the central part of the tube. 
The procedure of the experiments was 
as follows: The entire apparatus was 
exhausted to less than 1 mm pressure. 
Pure hydrogen was admitted to about 
2/3 of an atmosphere pressure and the Fie. 1. 
mercury was raised to boiling by means 
of the coil GG. Then sufficient current was applied to the aiding EE to 
prevent condensation of the mercury except above the level of the asbestos 
placed at ¥. Mica disks B served to prevent hydrogen gas from diffusing down 
into the mercury vapor. Liquid air was placed around the tube, L, to dry 





3 Langmuir Memorial Volumes I 
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the hydrogen and to dry out the whole system while exhausted before admitting 
the hydrogen. 

In the first few experiments no mica disks were used, for it was thought 
that the strong blast of mercury vapor would prevent any hydrogen from 
diffusing down into the heavy mercury vapor. But it was found that the energy 
consumption by the wire increased with about the 15th power of the absolute 
temperature and that the tube A which was of lead glass blackened opposite 
the wire W because of reduction of the lead. By using the mica disks the energy 
consumption became nearly linear and showed no tendency to increase abnor- 
mally at high temperatures. But experiments since that time showed that the 
correction for radiation which we then applied was too large. So the results ob- 
tained with our new values for radiation do show a distinct tendency to increase 
at very high temperatures. However, this is believed to be due entirely to minute 
traces of hydrogen which did make their way down through the mercury vapor. 
In fact in several trials, even with the mica disks, the tubes showed signs of 
blackening due to lead reduction. 


TABLE XII 
Convection from Tungsten Wire in Mercury Vapor 





























Temp. of Watts per cm Con- B | Watts/cm calculated 
wire °K Total | Radiated| vection cm : 7 
1500 0.61 0.13 0.48 0.083 0.487 ' 0.15 
1700 0.90 0.26 0.64 0.072 0.624 0.19 
1900 1,24 0.45 0.79 0.074 0.777 0.24 
2100 1.71 0.76 0.95 0.077 0.943 0.29 
2300 2.29 1.19 1.10 0.084 | 1.125 : 0.34 
2500 3.04 1.74 1.30 0.082 1.315 0.40 
2700 4.24 2.54 1.70 0.055 1.52 0.46 
2900 5.82 3.47 2.35 0.034 1.74 0.53 
3100 7.74 4.64 3.10 0.022 | 1.97 0.60 
3300 9.94 6.00 3.94 0.016 2.21 0.67 
3500 12.37 7.62 4.75 0.013 2.46 0.75 











Experiments will probably be undertaken with mercury vapor in the absence 
of foreign gases to verify this conclusion and obtain more accurate data on 
the energy loss in mercury vapor. 

The following tables gives the results of the final experiment with mercury 
vapor at atmospheric pressure and a wire of 0.0069 cm diameter. 


The values of B are calculated as in the case of convection in air. The aver- 
age value of B up to about 2700° is 0.0784 so this value is used as a basis for 
calculating the watts/cm as in next to the last column. It is seen that the agree- 
ment between the observed and calculated values is excellent up to about 2700°, 
but that above this the energy loss is much greater. This is probably due to 
traces of hydrogen as mentioned above. 
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If we assume that for different gases the thickness of film, B, for a plane 
surface should be proportional to h and inversely proportional to the density 
then we calculate that B should be 0.41 cm. For at 600°K the density of mercury 
vapor is 3.46 times that of air and its viscosity is 3.27 times that of air. The 
watts/cm calculated on this basis are about 69 per cent too low. It is possible 
however that the blast of mercury vapor may have caused a greater loss of 
energy from the wire than would have occurred with ‘‘free convection.” 

At any rate the order of magnitude of the results is right and up to 2700°K 
there is no perceptible temperature coefficient to the value of B. 


Summary and Conclusions 


It has been shown that: 

1. The loss of heat from wires by free convection takes place exactly as 
if there were a film of stationary gas around the wire, through which the heat 
is carried entirely by conduction. 

2. The thickness of the film is independent of the temperature of the wire, 
but probably increases with increasing temperature of the surrounding gas. 

3. The loss of heat from very small platinum (also copper) wires by radia- 
tion is negligibly small up to temperatures of several hundred degrees. 

4. The thickness of the film of gas varies in a simple way with the diameter 
of the wire, namely, 


bin OR: 
a 


B being a constant for any gas, b diameter of film of gas, a diameter of wire. 
5. The rate of convection of heat from any wire is equal to the product 
of two factors, one the shape factor s involving only the diameter of the wire 
and the constant B (for any gas); and the other, a function ¢ of the heat con- 
ductivity of the gas. 
Thus if W is the energy loss from wire in watts per cm, then 


W = S(p2—7) » 


where s may be found from the equation 
22 

Ble Meets 

T B 


and 
T 


p= 4.19 [ kdT. 
0 


k is the heat conductivity of the gas at the temperature T in cal./cm°C. 
Gz is taken at the temperature (7) of the wire, and , is taken at the tem- 
perature (7,) of the atmosphere. 


Cod 
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6. Tables are given by which curves may be plotted showing the relation 
between g and T and between a/B and s. 

7. The fact that B is found to be independent of the temperature is a strong 
indication that Sutherland’s formulae may be applied to the heat conduction 
of gases up to extremely high temperatures. 

In a subsequent paper the author will show that the formulae here devel- 
oped agree extremely well with Kennelly’s results on the ‘‘Convection of 
Heat from Small Copper Wire,” that for air the thickness of film B varies 
inversely as the 0.75 power of the air pressure and that for forced convection B 
varies inversely as the 0.75 power of the wind velocity. It will also be shown 
that a similar relation holds for the value of B when the temperature of the 
atmosphere around the wire varies from 90° up to 800°K. 

Several experiments will also be described in which the presence of such 
a ‘“‘stationary” air film is demonstrated. The thickness of the film has been 
determined by direct measurement and the temperature distribution around 
the filament has been studied with care. 

The author whishes to express his indebtedness to Mr. S. P. Sweetser, 
Mr. H. Huthsteiner and Mr. E. Q. Adams for most of the experimental work 
in connection with this investigation. 
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THE CONVECTION AND CONDUCTION OF HEAT IN 
GASES 


Proceedings of the American Institute of Electrical Engineers 
Vol. XXXI, 1229 (1912). 


IN A previous! paper the author has shown that the “convection” of heat 
from hot wires in a gas consists essentially of conduction through a film of 
relatively stationary gas around the wire. From this theory the following method 
was derived for calculating the power necessary to maintain a wire at any given 
temperature. 

The loss of energy from a wire is made up of two parts, radiation and con- 
vection. Let us call this convection W, expressed in watts per cm of length 
of the wire. Then W is equal to the product of two factors, thus 


W = S(¢2—71) (1) 
The first factor, s, is called the ‘‘shape factor” and depends only on the ratio 
of the diameter of the wire, a, to the diameter, b, of the conducting film around 
the wire. This relation is 


s=—;,- (2) 


But s can te calculated directly without a knowledge of the film diameter 

6 by solving the following equation 
SoS ee 3 
Cee. (3) 

Here a is the diameter of the wire and B is the thickness of the conducting 
film for the case of convection from a plane surface. 

The second factor in (1) is ¢.—q, where p depends only on the heat con- 
ductivity of the air, k, (in watts per cm) and the temperature of the wire and 
of the atmosphere. Thus 

7, r; 
m= | kdT v= | kdT (4) 
oO 0 

Here 7, is the temperature of the atmosphere and T, the temperature of 

the wire. 


1 Phys. Rev., May (1912). 


(7) 
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Both of the operations involved in (3) and (4) are made very easy by plotting 
two curves, one giving the relation of s to a/B and the other relation of p 
to T. Data for the plotting of these curves is given in the paper referred to 
above. 

Thus the only data necessary for a calculation of the free convection from 
a horizontal wire (of given diameter and temperature) in a gas of known tem- 
perature is 

1, The heat conductivity of the gas as a function of the temperature. 

2. The value of B. 

It was shown experimentally that for air at room temperature and atmospheric 
pressure, B is equal to 0.43 cm and is independent of the temperature, 7}, 
of the wire, even when this varies from slightly above room temperature up 
to the melting point of platinum. 

It was shown that with five different sizes of wire ranging from a = 0.0038 cm 
up to a = 0.0500 cm, the energy W calculated from (1) and (3) agreed excellently 
with experiments. This is equivalent to saying that the experimentally deter- 
mined values of B were found to be independent of the diameter of the wire 
used in the experiment. 

The theory would indicate that B should vary with 

1. The nature of the gas. 

2. The pressure of the gas. 

3. The temperature of the gas. 

4. In the case of forced convection, B should vary with the wind velocity. 

The present paper will deal with the effect of the second and fourth of the 
above factors on the thickness of the conducting film. 

Kennelly in his excellent paper on the “Convection of Heat from Small 
Copper Wires’? has investigated the effect of the following factors 

1. Diameter of wire. Varied from 0.011 to 0.069 cm. 

2. Temperature of wire. With the free convection tests this varied from 40 deg. cent. to 200 deg. 
cent. but with the forced convection temperatures as high as 325 deg. cent. were used. 

3. Pressure of air. Varied from 12 up to 190 cm of mercury. 

4. Wind velocity, Varied from 0 up to 2000 cm per second. 

He did not investigate other gases than air, nor try air at other than room 
“temperature. ‘ 

Kennelly derives certain purely empirical formulas to express his results. 
Combining them, he gives for W, the watts lost by free convection per cm 
of length, 


W = (0.0004+0.0064a)(T,—7,)P°!* (5) 


where a is the diameter of the wire 
P is the pressure of air in atmospheres. 


1 Trans, A. I. E. E. 28, 363, 1909 
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For forced convection he finds 


W = (0.00003-+0.005802) (T,—T,) y'o-+-25 (6) 


where wv is the wind velocity in cm per sec. 

Thus to express his results on free convection he needs to use four empir- 
ical constants and to express the results on forced convection three more are 
needed. But even with all these empirical constants, the calculated values do 
not agree very well with the experiments. The average difference between 
the calculated and observed values of W for experiments on free convection 
is approximately 12 per cent, while in one experiment the differences are as 
high as 30 per cent. 

Let us now analyze Kennelly’s data more closely and apply to it the theory 
of the conducting film, thus deriving the relation between the film thickness B 
and the pressure and wind velocity of the air. 


Kennelly’s Data on Free Convection 


The experimental results on free convection are given by Kennelly in ten 
logarithmic plots, the coordinates being pressures and current through the 
wire. He does not give the resistances of the wires at the temperature of the 
experiment, but does give the resistance of each of the wires at 0 deg. cent. 
and gives the elevation of temperature above room temperature, calculated 
from the resistance. He used for this calculation the formula 


R, = R,(1+0.0042 T,) 


where R;, is the resistance at the temperature T, (in deg. cent.) and R, is the 
resistance at 0 deg. cent. He did not measure the temperature coefficient of 
the wire used, but assumed that the wires were of pure copper and that the 
temperature coefficient was that given above. He does not state the room tem- 
perature during the experiments, so I have assumed it to be 20 deg. cent., 
and have thus calculated the resistance of the wires from his data on the tem- 
perature elevation above room temperature and from the given temperature 
coefficient. By taking the product of the resistance per cm and the square of 
the current, I have then calculated W the watts per cm supplied to the wire. 
This is given in the following tables as ‘‘W obs.” 

Kennelly is very uncertain as to how large the correction for radiation should 
be, and finally assumes that the copper wires radiate 94 per cent as much as 
a black body at the same temperature. This correction amounts to about 2 per 
cent for the smallest wire and becomes about 8 per cent of the total energy 
for the largest wire. But there is ample data in the literature to show that radia- 
tion from a bright metallic surface is very much less than 94 per cent of that 
from a black body. A great deal of recent work has shown conclusively that 
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the reflectivity, r, of any metal for heat rays of wave length longer than 4 = 
6u is accurately given by Hagen and Ruben’s formula 


1—-r= 0.305 4/ 


where o = specific electrical resistance of the metal 
A = wave length of the light. 
By Wien’s displacement law the wave length Ay of the light of greatest inten- 
sity in the spectrum from a black body at temperature T is 
Ay = Lacled cm 
M T ° 
Therefore for radiation of heat at room temperature, about 300 deg. K? the 
wave length would be about 0.0009 cm or 9u 


Now for copper o= 1.7x10* 
and for platinum o = 11.0x10* 
Whence approximately 
for copper 1—r = 0.0158 
and for platinum 1—r = 0.040. 


That is; at room temperature copper would radiate 1.6 per cent and plat- 
inum about 4.0 per cent, as much as a black body. This result for platinum 
is in fairly good agreement with Lummer and Kurlbaum’s* measurements 
on the radiation from platinum. In any case, it is a very safe conclusion that 
the radiation from bright copper surfaces is much less than 50 per cent and 
therefore that it would have been better if Kennelly had neglected radiation, 
instead of correcting for it. 

Therefore, in using Kennelly’s data, we shall use the total watts as’ 
observed, rather than the values he gives for convection. At the relatively 
low temperatures at which his experiments were carried on, radiation 
probably does not exceed 1 per cent of the total losses. 

In the above table the first column gives the diameter of the wire in cm. 
The second column gives the temperature elevation above room temperature 
given by Kennelly and calculated by him from the resistance. In the second 
column there is also given @,—¢,, taken from a very large scale curve prepared 
from the data given in the previous paper. 7, is assumed to be 293 deg. K. 
The third column gives the resistance per cm of length of the wire, calculated 
from the resistance at 0 deg. cent. given by Kennelly and from the temperature 
coefficient 0.0042 used by him in calculating T,—7,. Hence any error in assum- 
ing a wrong value for this temperature coefficient is eliminated. 


1 Ann. Phys. 8, 1 (1902). 


* Degrees Kelvin (Absolute temperature). 
2 Verh. Phys. Ges., Berlin, 17, 106 (1898). 
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I I MI IV | Vv vi | Vil | vii | Ix X 
Di laste: | PE 
am. esist- 
of T,-T, ance eure B obs. | B,calc. 
. and ‘Ohsits P Amps | W obs. | W calc. ent ent n 
wie | go | —* | mega- 
cm cm bars 
0.0114 | 165.0 | 0.0273 | 0.325 | 1.72 | 0.0810 | 0.0811 | 1.04 | 0.46 | —0.73 
1.00 | 1.89 | 0.0978 | 0.0980 | 0.44 
1.70 | 1.98 | 0.1072 | 0.1017) 0.31 
0.0497 | 2.25 | 2.02 | 0.1114 | 0.1142 | 0.27 
0.0114 95.9 , 0.0228 | 0.35 | 1.47 | 0.0494 | 0.0439 | 0.54 | 0.49 | —0.94? 
| 1.00 | 1.50 | 0.0513 | 0.0524 | 0.49 
1.50 | 1.56 | 0.0556 | 0.0569 | 0.35 
| 0.0266 | 2.25 | 1.65 | 0.0621 | 0.0612 | 0.23 
0.0114 | 59.6 0.0205 | 0.33 | 1.13 | 0.0261 | 0.0260 | 0.95 | 0.46 | —0.80 
| 1.00 | 1.21 | 0.0300 | 0.0312 | 0.50 
| 1.50 | 1.27 | 0.0330 | 0.0337 | 0.35 
0.0158 | 2.25 | 1.36 | 0.0379 | 0.0364 | 0.21 
0.0262 | 58.8 ; 0.00392 | 0.40 | 2.80 | 0.0308 | 0.0320 | 0.99 | 0.45 | —0.8¢ 
| 1.00 | 3.11 | 0.0380 | 0.0381 | 0.44 
| 0.0156 | 2.00 | 3.41 | 0.0455 | 0.0446 | 0.24 
0.0262 | 46.4 1 0.00377 | 0.30 | 2.34 | 0.0206 | 0.0235 | 1.92 | 0.59 | —0.95 
| 0.60 | 2.55 | 0.0245 | 0.0268 | 0.91 
1.00 | 2.70 | 0.0275 | 0.0296 | 0.56 | 
0.0121 | 2.00 | 2.95 | 0.0328 | 0.0346 | 0.31 | 
0.0262 37.8 | 0.00367 | 0.70 | 2.18 | 0.0175 | 0.0220 | 1.47 | 0.96? | —1.28? 
| 1.25 | 2.38 | 0.0208 | 0.0249 | 0.73 
0.0097 2.00 | 2.59 | 0.0246 | 0.0277 | 0.39 
0.0262 15.1 0.00326 | 0.30 | 1.53 | 0.0076 | 0.0074 | 0.92 | 0.35 | —0.86 
0.60 | 1.65 | 0.0089 | 0.0084 | 0.51 
1.00 | 1.73 | 0.0098 | 0.0093 | 0.36 
0.0038 | 2.00 | 1.95 | 0.0124 | 0.0109 | 0.17 
0.0691 | 179.8 | 0,000770| 0.33 | 14.3 | 0.1575 | 0.139 | 068 | 0.32 | -0.77 
i 1.00 | 16.5 | 0.2100 | 0.181 | 0.34 
| 1.50 | 17.5 | 0.236 | 0.204 | 0.22 
0.0550 2.25 | 184 | 0.261 | 0.227 | 0.17 
0.0691 77.2 | 0.000591 | 0.37 | 10.0 | 0.0591 | 0.0545 | 0.71 | 0.34 | —0.75 
| 1.00 | 11.4 | 0.0770 | 0.0693 | 0.33 
1.50 | 12.2 | 0.0880 | 0.0777 | 0.23 
0.0210 | 2.25 | 12.9 | 0.0984 | 0.0868 | 0.17 
0.0691 18.3 | coos 0.50 | 5.3 | 0.0138 | 0.0128 | 0.57 | 0.38 | —0.66 
1.00 | 5.7 | 0.0159 | 0.0152 | 0.38 
0.0046 | 2.00 | 6.25 | 0.0192 | 0.0185 | 0.23 
iT 
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In the fourth and fifth columns is the data obtained directly from the plots 
given by Kennelly. Smooth curves were drawn through the points given by 
Kennelly without any reference to the straight lines that he uses to express 
his results. The ordinates of these curves at three or four well-distributed pres- 
sures were read off and are given in column V. The pressures are given in mega- 
bars (i.e., 0.987 atmospheric pressure). In column VI is given the watts per cm 
obtained simply by multiplying the figures in columns III by the square of 
the figures in column V. For the reasons already given, no correction for 
radiation was made. 

In column VIII is given the value of B calculated as follows: 

The value of s is found (equation 1) by dividing W (column VI) by (¢,—9;) 
{column II). From a curve of equation (3) drawn from data in the previous 
paper, the value of a/B corresponding to the given value of s was found. This 
quantity divided into, a, the diameter of the wire (column I) gives B (col- 
umn VIII). 

It was thought that B would be found to vary inversely proportional to 
the pressure. In the previous paper the hypothesis was advanced that B would 
vary proportionally to the viscosity and inversely proportional to the density 
of the gas. This, however, was not very well borne out by experiments in hydro- 
gen and mercury vapor. According to this hypothesis, B should vary inversely 
with the first power of the pressure, for the viscosity is independent of the pres- 
sure. 

It will be observed, however, that the product obtained by multiplying 
together the values in columns IV and VIII shows a very distinct tendency to 
increase with the pressure. The quantity B was therefore plotted on logarith- 
mic paper, as a function of P, with the result that the points were found in 
nearly every case to lie in straight lines. For each of the experiments with a wire 
at any given temperature, a straight line was drawn in this way. The ordinate 
of these lines for a pressure of 1 megabar was read off and is given in the above 
table, in column IX. The slope of the straight line, n, is given in column X. 
The fact that the logarithmic plots gave practically straight lines means that 
B varies with the nth power of the pressure. The values of n in the different 
experiments do not show any distinct tendency to vary either with a or with 
the temperature. By a careful study of the curves, the most probable value of n 
was thought to be about —0.75. It is true that the average of the values of n is 
numerically larger than 0.75, but the sets of experiments which seem to be 
most free from experimental error give values close to this. 

To test the accuracy of this conclusion, the figures in column VII were 


calculated, based on the following assumptions 

1. The thickness of the plane film, B, for air at room temperature and 760 mm pressure, is 
0.43 cm. This is the value found from the experiments on platinum wires described in the pre- 
vious paper. 

2. That B varies inversely as the 0.75th power of the pressure (P). At a pressure of 1 mega- 
bar B would be 0.436 cm. 
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By aid of the above assumptions, the values of B were calculated, and from 
these the ratios a/B; then s was found by the plot of (3), and this was multi- 
plied by (y.—¢,) (column IJ), to obtain ‘“‘W calc.” in column VII. 

The agreement between the calculated convection and that observed by 
Kennelly is strikingly good. The only serious discrepancy between the two 
occurs with the largest wire at the highest temperature. This discrepancy may 
perhaps largely be accounted for by radiation. A ‘“‘black” wire of 0.069 cm 
diameter at a temperature of 179 deg. above room temperature would radiate 
about 0.050 watts per cm. A polished copper wire would radiate only about 
0.001 watt, but if the surface is slightly oxidized or tarnished, it might easily 
radiate much more. The difference between the calculated and observed watts 
is only about 0.025, so that if the wire should radiate 50 per cent as much as 
a black body this difference would be accounted for. 

It is interesting to note that with only two empirically determined constants, 
the equation (1) allows a much closer calculation of W than did Kennelly’s 
equation with its four empirical constants. 


Kennelly’s Data on Forced Convection 


By forced convection Kennelly means the convection of heat from a wire 
which is moving rapidly relatively to the surrounding air. 

Kennelly’s results on forced convection are given in two logarithmic plots. 
In one the amperes are plotted against the wind velocity and in the other the 
watts per cm of length are plotted against wind velocity. He has corrected the 
watts as before for radiation, but in this case the loss by convection is so great 
that the radiation correction is small enough to be quite negligible. Therefore 
I have taken Kennelly’s results for the watts directly and have not calculated 
them from the amperes, as in the case of free convection. The following table 
gives a summary of Kennelly’s experimental data. 

The third and fourth columns were obtained, as before, by drawing smooth 
curves as nearly as possible through the points given by Kennelly, without 
any reference to the straight lines plotted by him. The figures in columns III 
and IV of the table represent simply three or four well distributed points taken 
from these curves. 

The thickness, B, of the plane film (column VI) was calculated similarly 
to B in Table I. 

It is seen that B decreases as the wind velocity increases. To study the 
law with which this varies, B was plotted against V on logarithmic paper 
and a series of parallel straight lines was obtained. The slope of these lines 
was —0.75. In other words, B varies inversely as the 0.75 power of the 
wind velocity. 

The ordinates of these straight lines corresponding to the abscissa V = 900 
are given in column VII. 
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Tasze II 
Kennelly’s Experiments on Forced Convection 























I Il | mo} Ive} ov VI VII VIII 
i wind | | ; 7 
Diameter: | poog Wobs. | Wale. B Broo Byoo 
of | 1 velocity | | 
rs and ! can | Watts watts x 10? obs. calc. 
banks 1-9, | nee | em cm cm x 10? x 108 
0.0101 106 520 0.220, 0.222 10.0 | 655 6.56 
900 0.280 | 0.281 6.55 
0.0298 1800 0.388 =| 0.390 3.90 
a 1 
0.0101; = 179 400 0.320 | 0.350 | 16.0 8.1 7.29 
900 0.466 © «(0.4850 | 7.8 
_ 0.0550 1800 | 0.650 | 0.671 | 4.65 
0.0101 | 252 | 400 0.486 | 0.502 15.9 8.4 8.02 
900 0.690 , 0.693 , 8.13 
0.0830 ; 1800 0.960 | 0.950 4.75 
0.01589 | «117, | 330 0.250 | 0.262 | 15.5 8.1 6.68 
900 0.408 | 0.415 6.89 
' 0.0335 , 1800 0.590 0.596 4.05 
| | 
0.0159 211 330 0.490 0.487 | 16.2 7.6 7.60 
900 0.760 | 0.787 7.68 
| 0.0670 ; 1800 1.100 1.079 4.45 
' 
0.0159 | 305 330 0.720 | 0.735 18.5 8.5 8.55 
| 900 1.130 1.122. 8.46 
| 0.1060 1800 | 1600 | 1.590 | 4.99 
0.0204 51 800 0.217 | 0.200 ° 5.81 5.9 6.00 
1300 0.252 0.260 4.75 
0.0134 1800 0.314 0.315 3.60 
0.0204 128 210 0.297 | 0.274 17.6 6.3 6.78 
400 | 0.380 , 0.362 11.45 
900 | 0.570 | 0.536 6.25 
0.0370 1800 0.810 0.788 3.89 | 
| 
0.0204 206 210 | 0.475 0.453 20.8 7.2 7.56 
, 400 | 0.620 0.596 | 13.0 
| | 900 | 0.910 0.896 7.16 
| 0.0650 1800 | 1.280 | 1.280 4.48 
0.0204 283 210 0.660 0.642 23.4 7.9 8.33 
\ | 400 0.880 | 0.835 14.0 
| 900 1.260 1.215 7.96 
0.0965 | 1800 1.780 1.758 4.87 














nal from 


OF CALIFORNIA 






UNIVERSITY 





Convection and Conduction of Heat in Gases 45 


It is seen that Bygy increases distinctly as the temperature difference T,—T7, 
increases. But it apparently does not perceptibly depend on the diameter of 
the wire. By plotting Byo) against T,— 7, it was found that the following equa- 
tion gives a fairly good approximation of Boog 


Byoy = 0.0055 +0.000010(7,—T,). (7) 


Column VIII gives the values of By, calculated from this formula. 

In the case of free convection, it will be remembered that B was found to 
be independent of the temperature 7, of the wire, even up to the melting point 
of platinum. The reason that the temperature enters here is probably that with 
forced convection the viscosity of the inner and hotter portions of the gas film 
is a factor determining the thickness of the film, whereas in the case of free 
convection only the viscosity of the outer portions is of importance. Between 
the temperatures 300 deg. and 600 deg. K, the temperature coefficient of the 
viscosity, h,’ is 0.00219, whereas the temperature coefficient of Byoo is 0.00001 
+0.0055 = 0.00180, or about 83 per cent of that of the viscosity. In other 
words, for forced convection B is approximately proportional to the viscosity 
of the gas at a point */, of the way from the surface of the wire to the outer edge 
of the film. 

The values of W given in column V were calculated by first determining 
B for the wind velocity given in column III by means of the relation 


B = 900° 0.75 
Booo V 





(8) 


From this value of B, W was calculated in the usual way. 

If we assume that equation (8) holds down to very low velocities and sub- 
stitute for B the value 0.43 cm found for free convection and for Byoy the value 
from (7), we find for the velocity V, which exists in free convection 


V, = 2.7[1+0.0024(7,—T,)] cm per sec. 


Kennelly had concluded from his observations that the energy loss from 
the wires varied directly as the square root of the wind velocity. According 
to the present theory this could only occur for wires of a certain size. 

In case the diameter of the wire is large compared to the film thickness B, 
we should expect the energy to be inversely proportional to B; that is, directly 
proportional to the 0.75 power of the wind velocity. For wires of smaller size 
the energy would vary less rapidly with the wind velocity, so that for wires of 
a certain size it would vary approximately with the square root of the wind 
velocity. 

Kennelly’s experiments cover only such a narrow range of sizes of wire that 
his data furnish no way of testing this deduction from the theory. But it should 
be pointed out that many other observers have concluded in experiments on 
the rate of solutions of solids in liquids and other similar phenomena, that the 
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thickness of the diffusion film varies inversely as the 0.70 or 0.75 power of 
the rate of stirring. As far as I know however, the case where the size of the 
wire is small compared to thickness of the film has not been handled. 


Summary 


Kennelly’s data on the “Convection of Heat from Small Copper Wires” 
afford strong proof of the reliability and usefulness of the author’s theory of 
convection. According to this theory, “‘convection” consists essentially in con- 
duction of heat through a film of gas of definite thickness, in which the heat 
carried by motion of the gas is negligible compared to that carried by conduc- 
tion, and outside of which the temperature is maintained uniform because 
of convection currents. The thickness of the film of gas is related in a sample 
way to the diameter of the wire, so that from the experiments the thickness B, 
which the film would have in case of a plane surface, can be readily calculated. 

Previous results of the author have shown that 

1. The quantity B, for quiet air at room temperature and one atmosphere pressure, is equal 
to 0.43 cm. 

2. B is independent of the temperature of the wire from room temperature up to the melting 
point of platinum, 1750 deg. cent. 

3. The values of B obtained from experiments on wires of different sizes are found to be the 
same. 

In the present paper it is shown that Kennelly’s results confirm the above 
conclusions and furthermore lead to the following new conclusions: 

4. The film thickness (for plane surface) B varies inversely as the 0.75th power of the pres- 
sure of the gas. 

5. The value of B varies inversely as the 0.75th power of the wind velocity. 

6. Although for free convection, B was found independent of the temperature of the wire, 
it is found that for forced convection B increases slightly with the temperature. See equation (7). 

7. For forced convection, however, the value of B is found independent of the diameter of 
the wire, just as in the case of free convection. 

8. Radiation from small metallic wires is practically negligible compared to convection, up 
to temperatures of several hundred degrees. 


In a series of subsequent papers it will be shown that 

1. The value of B increases approximately proportional to the absolute temperature of the 
atmosphere surrounding the wire, even when the latter varies from — 190 deg. to 300 deg. cent. 

2. The value of B found from actual experiments on the convection from plane surfaces agrees 
excellently with the value found from small wires. In the case of plane surfaces, however, the 
radiation loss is usually much greater than that by convection, so that a careful study of the radiat- 
ing properties of the surface has to be made. It will be shown that the convection losses from 
cylinders of any size, as well as from plane surfaces, can be accurately calculated from the for- 
mulas given in this paper. 

3. In the case of convection between two surfaces (for example, between two concentric cylin- 
ders or two boxes one in the other), the theory of the conducting film proves extremely useful 
and makes it possible to calculate nearly all simple cases of heat convection with reasonable accuracy. 


These papers will also contain evidence of many kinds which clearly indi- 
cate the significance of the conducting film. 
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LAWS OF HEAT TRANSMISSION IN ELECTRICAL 
MACHINERY! 


Proceedings of the American Institute of Electrical Engineers 
Vol. XXXII, 391 (1913). 


EVEN IN the simplest case of heat transmission, such as a laboratory measure- 
ment of heat conductivity, the phenomena involved usually prove to be quite 
complicated. It is in most cases nearly impossible to separate completely the 
effects of conduction, radiation and convection, and therefore if quantitative 
results are to be obtained, it becomes necessary to make an elaborate series 
of corrections, to eliminate the undesired factors. 

In the case of the flow of heat from the interior of a piece of electrical appa- 
ratus to the exterior, the problem is necessarily much more complicated than 
in the simple experiment. Since each of the three factors, conduction, radia- 
tion, and convection are subject to totally different laws, the effect of any change 
in conditions can, in general, be determined only by considering what part 
each factor plays in the whole process and how each factor is affected by the 
new change in the conditions. 

Failure to appreciate the necessity of separating each of these factors has 
rendered the majority of all investigations on heat transmission previous to 
1880 almost valueless. Even today a very large number of published results on 
heat conductivity and surface emissivity are thoroughly unreliable from this cause. 

It is surprising to what extent the old unreliable data maintain their place 
in present day hand-books and text-books. There is probably hardly a field 
in which so much care is needed in selecting proper sources for information 
the literature being full of absolutely contradictory statements. For example, 
one investigator concludes from his experiments that the total heat loss from 
small wires, heated to a given temperature, varies inversely proportional to 
the diameter, others state that it is directly proportional to the diameter, while 
still others find it to be independent of the diameter. 

If electrical engineers are to seriously consider the question of heat trans- 
mission in electrical machinery, they must fully realize the great difference 
between the three modes of heat transmission and determine, first of all, what 
part each factor plays in each of the many types of machines. 


1 [A paper presented at the Midwinter Convention of the American Institute of Electrical 
Engineers, New York, February 26—28, 1913.] 
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In the present paper the writer has attempted to present in as clear a manner 
as possible the fundamental laws of conduction, radiation and convection of 
heat, and to furnish some experimental data which may seem to be of value 
to the electrical engineer. 


Conduction of Heat 


The problem of the conduction of heat through solids was the first subject 
of mathematical and experimental study in the development of the theory 
of heat. Fourier and others developed the mathematical theory long before 
there was any reliable experimental data by which they could test their 
conclusions. 

Fourier considered especially the problem of the rate of heating of a body 
capable of conducting heat. To solve this problem, he invented special mathe- 
matical methods which are now studied under the head of Fourier’s Series. 
Because of the extreme complexity of this subject, mathematical analysis does 
not promise, for the present, to be of much value to the electrical engineer. 
We shall therefore limit ourselves to the simpler problem of the steady flow 
of heat which prevails after sufficient time has elapsed for the temperature 
through the apparatus to become constant. 

For this case of steady heat flow through solids, the general law may be 
stated 


w=An(r—1,) (1) 


- where W = Watts of heat flow. 
A = Area of cross-section of path of heat flow. 
1 = Length of heat path. 
k = Coefficient of heat-conductivity expressed in watts per cm per deg. 
T—T, = Difference of temperature causing the heat flow. 


Heat Conductivity of Solids. — The heat conductivity, k, of solid bodies 
varies greatly for different substances, ranging from 4.2 watts per cm per deg. 
cent. for pure silver to 0.0016 for such substances as rubber. The conductivity 
of finely divided solids, fibrous materials, powders, etc., is very much 
less than that of homogeneous solids. The best heat insulators known, 
such as eider-down, have a conductivity as low as 0.00020 watts per cm 
per deg. cent. 

Unfortunately, all the materials used for electric insulation are relatively 
poor heat conductors. Especially when the insulation contains air spaces, as 
in the case of braided coverings, the conductivity is very low. 

In Table I the writer has collected together all of the reliable data he has, 
by careful search, been able to find on the conductivity of such materials as 
are of interest to the electrical engineer. 
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Tasie I 


Thermal Conductivities and Resistivities of Various Materials 






































Conduc- 
tivity 
Materials Temp. watts per /Resistivity|References 
deg. cent. 
cm per 
| deg. cent. | 
Metals | 
Pure copper .............-005 18 3.84 0.260 2 
Commercial copper ... z 18 3.50 0.285 2 
Pure iron .......... : 18 0.67 1.49 2 
Steel 1 per cent C 18 0.45 2.22 2 
Cast iron .........e cece eee eee 100 0.40 
Transformer steel 4 percent Si . | 20—250°| 0.32 3.12 1 
Brass o6.ciiercivic cece cides e ssceeae + 1.30 0.77 1 
German silver 30 per cent Ni ... 7 0.28 3.6 1 
Constantan 60 Cu, 40 Ni ....... 18 0.29 3.5 2 
Calorite 65 Ni, 15 Fe 13 Cr.7 Mn | 20—250°!| 0.16 6.2 1 
Mineral Substances 
3.57 0.28 11 
0.030 33 3 
0.020 50 3 
0.011 90 4 
Quartz glass ................. 0.015 67 10 
Porcelain ...........eeeeeeee 0.010 100 5 
Insulating Materials ............+ | 
Shellac ..... 0.0025 400 4 
Para rubber .. aga 0.0016 620 3 
Gutta percha ................ 0.0020 500 3 
Paraffin ...............0e eee 0.0026 390 3 
Ebonite .. Sale 0.0018 550 4 
Paper ......... cae 0.0013 770 3 
Asbestos paper ....... tats 0.0025 400 3 
Varnished cotton tape ........ 0.0027 370 6 
Varnished cambric ............ | 0.0025 400 6 
Mica paper .......... 0.0016 630 6 
Bakelite and linen tape . wi 0.0027 370 6 
Rubber tape.................. 0.0043 230 6 
Varnished cloth (empire cloth)... | 0.0025 400 7 
Presspahn (untreated) ......... 0.0017 590 7 
Rope paper (untreated) . Ses 0.0012 830 7 
Rope paper and oil ........... 0.0014 710 7 
‘Rope paper treated with varnish 0.0017 590 7 
Fullerboard varnished ......... | 0.0014 710 7 
Pure mica..................0. 0.0036 |. 280 7 








4 Langmuir Memorial Volumes II 
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Tasre I 
(Continued) 
Apparent 
Materials density Condae- Resistivity | References 
grams per tivity 
cu. cm 
Insulating Materials 
Built-up mica Micanite (19 per 
cent shellac) ............... 0.0010 1000 7 
Built-up mica Micanite 11 per cent 
shellac 0.0012 | 830 7 
Linen tape varnished and baked . 0.0015 670 7 
Miscellaneous Materials 
Cotton Batting, loose .......... 0.21 0.00046 2200 1 
55 » tightly packed... 0.10 0.00030 3400 1 
Pure woolen wadding, loose ... 0.015 0.00049 2040 1 
- . packed slightly 0.054 0.00036 2800 1 
Pure woolen wadding, tightly 
packed ................0000e 0.192 0.00023 4400 1 
Eider down, very loose ......... 0.0022 0.00045 2200 1 
» > » tightly packed. . 0.077 0.00025 4100 1 
” oo” ” aCe 0.11 0.00019 5200 1 
. Soft white pine 1 to grain ..... 0.0016 640 
Liquids 
Water 25 deg. cent. ........ : 0.0057 176 4 
Paraffin oil .......... i 0.0014 710 8 
Glycerin 25 deg. cent. ........ 0.0024 410 4 
Petroleum 23 deg. cent. ........ | 0.0016 630 8 
Gases ...... : | 
Airat 20 deg. cent. .......... 0.000249 4010 9 
» » 100 deg. cent. ........ 0.000300 3330 9 





REFERENCES: — 1. C. P. Randolph, Research Lab., General Electric Co. (1912). 2. Jager & 
Diesselhorst, Wiss. Abl. d. Phys. Techn. Reichanstalt, 3, 269 (1900). 3. Lees, Phil. Trans. (A) 183, 
481 (1892). 4. Lées, Phil. Trans. A 191, 399 (1898). 5. Lees and Chorlton, Phil. Mag. (5), 41, 
495 (1896). 6. Technical Report No. 10940. General Electric Company, by C. P. Steinmetz (1910). 
Experiments carried out by J. L. R. Hayden. 7. Paper on Heat Paths in Electrical Machinery 
read before the Institution of Electrical Engineers, Nov. 1911 by H. D. Symons and M. Walker. 
8. R. Weber, Ann. Phys., 11, 1047 (1903). 9. Langmuir, Phys. Rev. 34, 406 (1912). 10. A. Eucken, 
Ann. Phys. 34, 185 (1911). 11. Koenigsberger and Weiss, Ann. Phys. 35, 1 (1911). 


In the above table it will be noted that all the metals and alloys have a very 
high conductivity compared with that of non-metallic substances (with the 
exception of graphite). Practically all of the electrical insulators have a conduc- 
tivity about one-thousandth of that of copper. The conductivities of various 
substances of any one type do not differ very greatly from one another; for 
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example, the range of conductivities of organic materials used for electrical 
insulation is from about 0.0015 to 0.0040. The presence of air spaces in a body 
very much decreases the conductivity, as is seen for the extremely low conduc- 
tivities of such materials as wool, cotton batting, etc. That this high thermal 
resistance is entirely due to the presence of gas, is evident from the fact that 
these materials are relatively good conductors when placed in an atmosphere 
of hydrogen. 

In the case of powdered or fibrous materials, the heat conductivity is prac- 
tically independent of the true conductivity of the solid substance forming 
the grains or fibres. For example, finely divided metallic powders, such as 
zinc dust or tungsten reduced by hydrogen from finely divided oxide, are 
extremely good heat insulators, although the material itself is a good heat 
conductor. 

The conductivity of liquids is quite low, and is in most cases very insignif- 
icant compared with the amount of heat carried through the liquid by con- 
vection currents. The figures given above for liquids can be used only for liquids 
through which heat is being transmitted downwards, or in the case where the 
liquid is held in the meshes of some fibrous material such as cloth. This is 
a common case, however, in electrical insulation. 

The heat conductivity of gases is smaller than that of solids and liquids. 


Temperature Coefficient of Heat Conductivity. — Pure metals, although they 
have a large temperature coefficient of electrical conductivity, have a thermal 
conductivity which is practically the same at all temperatures. Alloys have 
a conductivity which usually increases somewhat with the temperature, the 
temperature coefficient being never greater than about 0.1 per cent per degree 
cent, and usually much less than this. In electrical machinery, therefore, with 
the relatively small temperature range involved, we may consider the therma 
conductivity as independent of the temperature. 

In the case of pure crystalline, non-metallic substances, Eucken (Ann. d. 
Physik, Vol. 34, p. 185, 1911) has shown that the thermal conductivity varies 
approximately inversely proportional to the absolute temperature. In other 
words, the temperature coefficient of such substances is usually about —0.33 
per cent per deg. cent. 

The same investigator has also shown that with amorphous, non-metallic 
substances, like glass the conductivity increases slightly with increase of tem- 
perature, the temperature coefficient being about +.0.15 per cent per deg. cent. 
Such substances as paraffin, ebonite etc. are found to have practically no tem- 
perature coefficient. 

Tests made by Mr. C. P. Randolph have shown that for powdered or fibrous 
materials the temperature coefficient of heat conductivity is very large. For 
example, measurements of the heat conductivity of Poplox at various temper- 
atures up to 500 deg. cent. gave the results: 


” 
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Heat Conductivity 


Range of temperature Watts per cm per deg. cent. 
20—100 0.00030 
100—200 0.00039 
200—300 0.00057 
300—400 0.00076 
“400—500 0.00133 


This material (popped water glass) had an apparent density of 0.026 and 
contained air cells of about 0.5 mm average diameter. The large temperature 
coefficient is caused by radiation across the walls of the air cells which is rela- 
tively large at high temperatures but almost negligible at room temperature. 
Below 100 deg. cent. the temperature coefficient for powdered and fibrous 
materials may be taken as +0.3 per cent for materials with a coarse structure 
and proportionately less for finer structure. 

In the case of gases, the mobility and the coefficient of thermal expansion 
are so great that convection becomes very large. It was thought for a long time 
that gases had no true conductivity. Maxwell, however, calculated the conduc- 
tivity from the kinetic theory, and predicted that it would be independent of 
the pressure. His results have since been thoroughly verified. To avoid con- 
vection currents, it is only necessary to reduce the pressure of the gas to a value 
of several centimeters. At lower pressures the heat conductivity is found to 
be entirely independent of the pressure down to a pressure of one mm. When 
the pressure becomes much less than this, the free path of the molecules begins 
to become comparable with the length of the path along which the heat is con- 
ducted. At still lower pressures, the heat conductivity becomes proportional 
to the pressure. It is evident that the pressure at which the change from one 
of these laws to the cther takes place is inversely proportional to the length 
of the path of heat flow. In the case, therefore, where we have the space sub- 
divided by the presence of a fibrous material, we find that the heat conductiv- 
ity does not remain constant down to such low pressures as one millimeter, 
but may even, with very finely divided materials, decrease with decreasing 
pressure, from atmospheric pressure down. This subject has been very fully 
treated by Smoluchowski [Anz. Akad. Wiss. Krakau (1910) A 129-153}. 

In the case of the heat conduction of gases, we find there is a large tempera- 
ture coefficient of heat conductivity. It has been thoroughly proven that 
Sutherland’s formula 





k 





Ke, 


14: 
vr 
ery accurately represents the change in conductivity with the temperature. 
Here K is a constant, ¢, is the specific heat of the gas at constant volume and 


¢ is a constant equal to 124 for air. In general, when k is a function of the tem- 
perature, we cannot use equation (1) to calculate the heat conduction through 
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a given body. It can be shown, however [Langmuir, Phys. Rev. Vol. 34, p. 406 
cd 

(1912)], that if we substitute for the factor k(T—T7,) the integral f kdT we 
T 


are then able to calculate the heat conduction, no matter how much the heat 
conductivity may vary with the temperature. For such cases as these, the results 
can be calculated most easily by calculating or plotting the values of the integral 


T 
fkdT. If we represent by ® the value of this integral, which we may call 
0 


specific conduction, then the formula for heat conductivity becomes 


W= 4 (o-9). (3) 


Heat Conduction Through Bodies of Various Shapes 


Equations (1) or (3) can be used only for the heat conduction between parallel 
planes. In other cases, A and / are both variables, and the proper mean values 
must be determined, by special methods. 

No matter what the shape of the body, the ratio A// has a definite value, 
if the surfaces of in-flow and out-flow of the heat are fixed. Let us call this 
quantity the “shape factor,” and represent it by the letter s. Our equation for 
heat conduction thus becomes 


W = s(®—G,) (4) 


The value of the shape factor for bodies of various shapes may be of 
interest. In a paper to be published shortly (Langmuir, Adams, and Meikle, 
Trans. Am. Electrochem. Soc. Vol. 23, 1913), methods for calculating the shape 
factor of bodies of many different shapes will be given. The following cases 
only are worthy of considering here: 


Planes 
_A 
ers 
Concentric Cylinders of diameters a and b 
s= 2x (5) 
b 
In— 
a 


Concentric spheres of diameters a and b 





2n 
= sat 6 
s t 1 (6) 
a ob 
Concentric Rectangular Prisms or Parallelopipedons. — For this case, the 


following formula applies with great accuracy to the flow of heat where the 
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thickness of the heat conducting material between the two surfaces is constant 
and where the thickness of the layer is not more than 2} times the smallest 
dimension of the prism a condition nearly always fulfilled in practice. The 
formula is 


sa 44 e142 (7) 


Here t is the thickness of the layer of conducting material, 2/ is the sum 
of the length of the 12 edges of the inner prism, and A is the total surface of 
the inner prism. 


Radiation of Heat 


Dulong and Petit (1817) gave an empirical formula for heat radiation which 
has been used very largely by engineers almost up to the present date. 

The Stephan-Boltzman law that the radiation from a black body is propor- 
tional to the fourth power of the absolute temperature has been shown to be 
derivable from the second law of thermodynamics, and has withstood the tests 
of very careful experimental investigation. We may therefore look upon this 
law as being one of the exact laws of nature. It must be remembered, however, 
that it applies only to radiation from a so-called black body; that is, a body 
which absorbs all heat rays which fall on it. Such a body can only be approx- 
imately realized, and any actual body must radiate less heat than an ideal black 
body at the same temperature. 

The Stephan-Boltzman law, as applied to the radiation from any given 


body, may be written . 
T\' / 7, \ 
Ww s.7e|( a — (sais) | (8) 


Here, W is the energy in watts radiated per square centimeter of surface. 
T is the temperature of the hot body, and 7, the temperature of the 
surrounding space, e we may call the relative emissivity of the body; 
it is always a number less than unity and is characteristic property of the 
radiating body. 

The radiation constant, 5.7, is subject to some uncertainty at present. For 
several years, the commonly accepted value was 5.32, which was the result 
obtained by Kurlbaum (Wied. Am. 65, 746, 1898). Recently, however (1909), 
Féry obtained a value 6.3. Since then many investigators have redetermined 
this constant. Paschen and Gerlach (Ann. d. Physik, Vol. 38, p. 30, 1912) ob- 
tained the value 5.9. Shakespeare (Proc. of the Roy. Soc., Vol. 86A, p. 180, 1911) 
obtained 5.67. Within the next year or so the correct value of this constant will 
undoubtedly be determined. For the present, it would seem almost certain 
that the value 5.32 is too low, and that the value 5.7 must be fairly close to the 
true value. 
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The radiation of heat differs from conduction and also convection in that 
it is a purely surface phenomenon. The amount of heat radiated is strictly pro- 
portional to the extent of the surface, and is independent of the presence of 
gas adjacent to the surface. From bodies that are not black, the heat radiated 
from cavities in the bodies has a greater intensity than that radiated from a 
flat surface, for the reason that from such a cavity there is not only the heat 
radiated from the bottom of the cavity, but also that reflected by the bottom 
surface from the walls of the cavity. The above equation for radiation therefore 
applies only for heat that comes directly from a surface, and not for that 
which has been reflected from the surface. In general, however, this factor is 
not a difficult one to take into account in the consideration of heat radiation. 

The most difficult question involved is the determination of the relative 
emissivity e. For clean polished surfaces of metals this quantity is small, ranging 
from 0.02 to 0.20. For non-metallic substances it is usually very much larger 
than this, ranging from about 0.3 up to about 0.9. The following table gives 
the values of e calculated by the writer from measurements made by C. P. 
Randolph. A detailed description of these measurements will be published in 
the Trans. of the Am. Electrochem. Soc., Vol. 23, 1913. 








Tasre II 
Copper, oxidized by heating to a red heat ................ 0.74 
Copper, calorized; that is, surface impregnated with Al ..... 0.27 
Silver, pure, polished .. | 0.03 
Cast iron, fresh machined surface ..............0000eeeeee | 0.25 
Cast iron, oxidized by heating to red heat ...............- | 0.65 
Aluminum paint on cast iron ............- | 0.47 
Gold enamel on cast iron ..... -. | 0.39 
Monel metal polished «+ | 0.40 
Monel metal, oxidized 11.0.0... 0. cece cece cece e teenies | 0.45 


The relative emissivities from highly polished metal surfaces can be cal- 
culated from the reflectivity of the surface for heat rays, the emissivity and 
reflectivity being complementary to each other. That is the emissivity is equal 
to 1—r where r is the reflectivity. There is a considerable amount of data in 
the literature on the reflectivities of metals for heat rays. However, it has been 
shown by Hagen and Rubens (Ann. d. Physik, Vol. 8, p. 1, 1902) that the 
relative emissivity may be calculated by the formula 


l—-r=e= 0.305 / 5 (9) 


where @ is equal to the specific electrical resistivity in ohms centimeter units 
at the temperature of the metal and A is equal to the wave length of the radiant 
energy in centimeters. 

Recent investigations have shown that this formula is very accurate for wave 
lengths exceeding 0.005 mm in length. The average wave length of the light 
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corresponding to any given temperature is, according to Wien’s radiation law, 
approximately 0.29/T cm. If we substitute this in the above equation, we obtain 
the value 


e = 0.68) 67. (10) 


This equation enables us to calculate the relative emissivity for any highly 
polished metal up to about 500 or 600 deg. cent. However, because of surface 
oxidation, the emissivity will nearly always be much larger than this, except 
with such metals as silver, platinum, and gold. 

Organic substances, such as oils, varnishes, resinous materials, have a very 
high emissivity; that is, between 0.8 and 1. Although in the visible spectrum 
these bodies are transparent, they are practically black bodies as regards the 
long heat rays that are involved in the radiation from bodies at ordinary tem- 
perature. The same is true of glass, this being practically a black body with 
respect to heat rays. Therefore, in calculating the amount of radiation from 
electrical insulating materials, we may very safely assume, whether these ma- 
terials have a black color or a much lighter color, that they are nearly black 
bodies, as far as radiation is concerned. 


The Temperature Coefficient of Radiation. — For small differences of tem- 
perature, equation (8) may be written 
‘ fe : 
= o _— 
w= 0.0228e| vata) (T—T,). (11) 





We thus see that the amount of radiation between two bodies having a given 
difference of temperature, increases in proportion to the third power of absolute 
temperature. This means that the temperature coefficient of radiation between 
two bodies differing only slightly in temperature, is +1.0 per cent per deg. 
cent. This is at least three times greater than the temperature coefficient of 
heat conduction through solids or even gases. 


Convection of Heat 


The transmission of heat through liquids or gases takes place principally 
by means of currents set up in the fluid because of differences of density pro- 
duced by the unequal heating. The amount of heat carried by convection de- 
pends on the velocity of the convection currents and also on the specific heat 
of the fluid. The currents are produced by the differences in density between 
the fluid in contact with a hot body and in contact with the cold body. This 
difference will be proportional to the coefficient of thermal expansion and also 
proportional to the density of the fluid itself. The currents produced by these 
differences of density have to act against the force of viscosity, thus the more 
viscous the fluid, the lower will be the velocity of the currents. We may there- 
fore say, in a general way, that the amount of heat carried by convection will 
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be roughly proportional to the product of specific heat, density, and expansion 
coefficient, and will be approximately inversely proportional to the viscosity 
of the fluid. 

From the very nature of convection, we would hardly expect it to obey 
such simple laws as those of radiation. It will depend upon the shape of the 
hot body, the distance between the hot body and the cold body, and upon 
each of the factors mentioned in the paragraph above. 

There have been a great many investigations made of the laws of convection 
of heat, especially in gases. Dulong and Petit, in 1817, derived several empirical 
laws which have been more or less verified over rather narrow ranges of tem- 
perature by Péclet, (1860). These laws are today used in many engineering 
hand books as best representing the knowledge of convection of heat. Within 
the last thirty years, however, much more valuable work has been done, and 
we now know that the formulas of Dalong and Petit are only rough approxi- 
mations. 

Lorenz (Ann. d. Physik, Vol. 13, p. 582, 1881) derived formulas for the con- 
vection of heat from vertical plane surfaces, making, however, certain rather 
arbitrary assumptions. He obtained the formula 


pact 
W, = 0.548 Vy <a Vo (Tr—T,)"* (12) 


where W, = Heat convection per unit surface. 

¢ = Specific heat of the gas at constant pressure. 

k = Its thermal conductivity. 

h = Its viscosity. 

T = Its average temperature. 

@ = Its average density... 

g = Gravitational constant. 
T, = Temperature of plane surface. 

T, = Temperature of the gas at a great distance from the plane. 
H = Height of the plane. 

Putting in the data for air, at room temperature, 27 deg. cent. and standard 
atmospheric pressure, this equation reduces to 

W, = 0.000399H-"4 (T,—7,)5'* (13) 
where W, is expressed in watts per sq. cm, and H is in cm. 

This equation agrees well (within five per cent) with the results calculated 
by the writer from the experimental results of C. P. Randolph on the convec- 
tion of heat from disks of metal 7} in. (19 cm) in diameter. It is very probable, 
from the method of derivation of this equation, that the influence of the height 
of the plane on convection is not as great as indicated by the term H~* in the 
equation. 

Boussinesq (Comptes Rendus, 132, 1382, 1901) has treated the mathematical 
theory of frée convection and obtained formulas similar in form to those of 
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Dulong and Petit. In a later paper (Comptes Rendus, 133, 257, 1901) he devel- 
ops the theory of forced convection from plane surfaces as well as from cylin- 
ders, spheres and ellipsoids. In all such calculations the simplifying assump- 
tions that need to be made render it necessary to subject the formulas to very 
careful experimental test before much reliance can be placed upon them. 

Compan [Ann. Chim. phys. (7) 26, 488 (1902)] has made elaborate experi- 
ments on free convection from a copper sphere two cm in diameter placed 
in hollow concentric spheres of various sizes. He worked at pressures ranging 
from a few thousandths of a mm up to six atmospheres. He varied the tem- 
perature of the small sphere from 300 deg. down to 50 deg. He found that 
over this whole range of temperature and for pressures above 20 cm, the con- 
vection varied with the 1.233 power of the temperature difference and with 
the 0.45 power of the pressure. The writer up to the present has not been able 
to procure more than an abstract of the report of this investigation, but will 
endeavor to collect this material into’a form that will be useful in a study of 
heat transmission in electrical machinery, and will present it before this Insti- 
tute. 

Ayrton and Kilgour [Phil. Trans. 1892, abstract in Proc. Roy Soc. 50, 166 
(1891)] have made elaborate investigations of the heat losses in air from very 
fine platinum wires [0.0012 to 0.014 inch (0.03 to 0.35 mm) in diameter] at 
temperatures from room temperature up to 300 deg. cent. Their results were 
expressed in tables and empirical formulas only. 

They found that the heat loss from the wires was nearly independent of 
the diameter of the wires. 

Porter (Phil. Mag., Vol. 39, p. 267, 1895) pointed out that this practical 
independence of the convection from the diameter of the wire may be account- 
ed for by assuming that the heat is carried from the wire principally by con- 
duction. He derives some equations with three empirical constants, which 
agree excellently with Ayrton and Kilgour’s results. However, he obtained 
values for the radiation from the wire and for the conductivity of the air which 
were totally different from those which we now know to be the true values. 
His formulas must be looked upon, therefore, practically as empirical formulas. 

A. Russell [Phil. Mag. 20, 591, (1910)] recalculated the results of Boussinesq 
(loc. cit.) and put them in a practical form. These are purely theoretical equa- 
tions which give the heat lost by convection from cylinders and planes in cur- 
rents of gases or liquids. 

The writer (Phys. Rev., Vol. 34, p. 401, 1912) showed that the free convec- 
tion of heat from small wires consisted essentially of conduction through a film 
of gas of definite thickness. It was shown experimentally that the thickness of 
the film is independent of the temperature from 100 deg. cent. up to the melt- 
ing point of platinum. The thickness of this film depends on the diameter 
of the wire, but in such a way that it may be calculated with no other data than 
the diameter of the wire and the diameter which the gas film would have in 
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the case of convection from a plane surface. To calculate the heat lost by con- 
vection from any wire, all that is required is to know the coefficient of heat 
conductivity of the gas and the thickness of this gas film for a plane surface, 
this latter being a constant quantity characteristic for a gas at any given tem- 
perature and pressure. 

It was shown [Langmuir, Proc. A. I. E. E., 31, 1011 (1912)] that the for- 
mulas derived from this film theory agreed excellently with the experimental 
data of Kennelly (Trans. A. I. E. E., Vol. 28, p. 363, 1909) on the convection 
of heat from small copper wires in air at various pressures and in air moving 
at different velocities. 

In the following pages the writer has attempted to give the principal laws 
for the convection of heat under the different conditions which influence it. 


Free Convection. — The film theory of convection makes it possible to cal- 
culate the convection from plane surfaces, from cylinders or wires of any di- 
ameter, and from spheres. 

In the case of plane surfaces, the heat lost by convection is calculated simply 
by considering that there is a layer of air 4.3 mm thick, adhering to the surface, 
and through which the heat has to be carried by conduction. It must, of course, 
be remembered, that in addition to this heat loss by convection, there is the 
heat lost by radiation. 

This film theory fully explains the fact that for wires of very small diameter 
the heat lost by convection is nearly independent of the diameter. This follows 
from] the shape factor (see equation 5) for concentric cylinders, since the 
logarithm of a number varies only slowly as the number increases. 

The amount of convection from the surface differs only slightly whether 
the surface is placed vertically or horizontally. With a surface placed in the 
latter position, so that it is exposed to the air above it, the heat lost by convec- 
tion is about 10 per cent greater than when the surface is placed vertically. 
With the surface horizontal, but inverted so that it must lose its heat down- 
ward through the air, the heat lost by convection is naturally considerably 
less. For a 7'/, in. (19 cm) disk, placed in this position, the heat loss was actually 
found to be only 50 per cent of the heat lost when the surface is placed verti- 
cally. 

The amount of convection from a surface probably does not depend, to 
any great extent, on the nature of the surface. At least, as far as the writer 
knows, there is no trustworthy experimental evidence that the surface has 
any influence. 

It is a surprising fact that between the temperatures 100 and 500 deg. cent. 
the convection calculated from the film theory as above outlined, gives nearly 
identical results with those calculated by Lorenz’ formula (see equation 12). 
At temperatures above 500 deg. cent., both for convection from plane surfaces 
and from wires, the convection calculated from the film theory agrees better 
with the experimental facts than that calculated from Lorenz’ formula. At 
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temperatures much below 50 deg. the two formulas begin to diverge quite 
widely. The film theory would indicate that the convection would fall off prac- 
tically linearly as the temperature difference decreases; whereas, according 
to Lorenz’ equation, the temperature would be proportional to the 5/4th power 
of the temperature difference. This would mean that for very slight differences 
of temperatures — for example, 5 or 10 deg. — that Lorenz’ equation would 
give very much lower results than would be obtained from the calculation 
from the film theory. 

To decide which of these two theories would give the correct result for 
very small temperature differences, will require careful experimental investi- 
gation. Probably the bulk of the evidence at present is in favor of Lorenz’ equa- 
tion. 

It should be pointed out that there is no theoretical reason known why the 
thickness of the film should remain constant, as the temperature of the wire or 
plane varies. This is simply an experimentally determined fact at temperatures 
above 100 deg. cent. It is quite possible that for very small temperature differ- 
ences, the film thickness might become greater. In any case, however, the varia- 
tion in the film thickness down to temperature differences as low as 30 deg., 
would not be very important in most calculations of heat convection. 


Effect of Pressure on Free Convection. — The heat conductivity of gases is 
independent of the pressure. According to the film theory, therefore, the effect of 
pressure on the amount of heat convection would depend simply upon the effect 
of pressure on the film thickness which we will call B. Theoretically, it would 
be very difficult to determine exactly what this effect would be. But it is cer- 
tain that as the density of the gas decreases by the reduction of pressure, the 
thickness of the film B would increase; not necessarily inversely proportional 
to the pressure, however. 

From Kennelly’s data the writer found that B varied inversely proportional 
to the 0.75 power of the pressure. From some recent experiments with small 
wires in air, over a wide range of pressure, the writer finds that B varies more 
nearly inversely proportional to the first power of the pressure. From small 
wires however the amount of heat convection depends only slightly upon the 
diameter of the film. In these experiments therefore it is very difficult to find 
accurately the law according to which the film thickness varies with the pres- 

_ sure. As the size of the wire decreases, the convection becomes less and less 
sensitive to pressure changes. 

For the effect of pressure on the convection from plane surfaces, there is 
only very meagre experimental data. Compan, in studying the convection from 
spheres 2 cm in diameter, concludes that the convection varies with the 0.45 
power of the pressure. According to Lorenz’ equation, the amount of convec- 
tion from plane surfaces would be proportional to the 0.5 power of the pressure. 
This would be equivalent to saying that B varies inversely proportional to the 
0.5 power of the pressure. : 
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To decide exactly how convection varies with pressure, we require further 
experimental work on plane surfaces in air at various pressures. Provisionally, 
it is probably safe to say that for the convection from plane surfaces or wires, 
the value of B is inversely proportional to the 0.5 power of the pressure. 


Effect of Temperature on Free Convection. — From experiments by the 
author on convection from platinum wires in air at various temperatures from 
—180 up to 700 deg. cent., it would appear that the film thickness for a plane 
surface is approximately proportional to the absolute temperature. 

The temperature coefficient of heat convection for small wires will simply 
depend on the temperature coefficient of the heat conductivity of the air, since 
in this case the amount of heat convection depends so slightly on the film thick- 
ness. From Sutherland’s equation (2) it may be shown that in the neighborhood 
of room temperature, the heat conductivity of air increases approximately 
proportional to the 0.76 power of the absolute temperature. This would mean 
that the temperature coefficient of heat conductivity at room temperature is 
+0.25 per cent per degree, and this would be the temperature coefficient of 
heat convection from the wire. 

In other words, more energy would be required to maintain a wire at a given 
temperature elevation above its surroundings, the greater the temperature of 
the surroundings. 

It is quite different with the convection of heat from plane surfaces. Here, 
the convection depends not only on the heat conductivity of the air, but also 
on the thickness of the film. Since the latter varies proportionally to the tem- 
perature, the amount of convection from plane surfaces will be proportional to 

T°.76 
T 
In other words, the temperature coefficient of the heat convection will be 
—0.08 per cent per deg. cent. From plane surfaces the convection with a given 
temperature difference decreases slightly with increasing air temperature. 

Lorenz’ equation would lead to the temperature coefficient of —0.37 per 

cent per degree, for convection from plane surfaces. 


= 7-0 





Forced Convection. — The effect of air currents on convection is very great, 
as is well known. However, the air currents that occur in an ordinary room, 
at some distance from the windows, have only very slight effect on the con- 
vection from wires and plane surfaces heated to several hundred degrees. By 
placing a few large screens around the body, very consistent results are obtained. 
With higher wind velocities, such as those obtained by placing an electric fan 
close to the body, the amount of convection, both from plane surfaces and 
from wires, increases about four-fold. Measurements with an anemometer 
showed the wind velocity in this case to be about 400 cm per second. 

Kennelly has investigated the effect of wind velocity on convection from 
small wires, and has found that the amount of convection varies approximately 
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in proportion to the square root of the velocity. For velocities from 300 to 
1800 cm per second, he finds that the convection is proportional to the quantity 


‘o25° 

ae 
That is, the convection of any given wind velocity can be calculated from the 
velocity in quiet air by multiplying by the above factor. From some very rough 
experiments by the writer, on convection from plane surfaces and also from 
some calculations from published data (see article in Trans. Am. Electrochem. 
Soc., Vol. 23, 1913), the amount of convection is again found to vary with the 
square root of the velocity, and the above factor is found to be 

0433 


33 


Compan, in his experiments on spheres, finds that the convection varies 
with the square root of the velocity. Boussinesq has also arrived at the same 
conclusion from theoretical calculations. 

From Kennelly’s results, the writer drew the conclusion that the film 
thickness varied inversely as the 0.75 power of the velocity. This gave results 
agreeing well with Kennelly’s data, but it has been found that the film 
thickness, in the case of forced convection from plane surfaces is very 
different from that found for jsmall {wires in wind of the same velocity. This 
fact renders the film theory almost useless in cases of forced convection. 

The best single equation for the calculation of convection of wires is probably 
an equation calculated by Russell Joc. cit. by the method first given by Bous- 
sinesq. This equation is 

w= 87/284 (7,7) (14) 
where W = Convection loss per unit of length from the cylinder. 
c = Specific heat of the gas or liquid at constant pressure. 
e = Density of the fluid. 
k = Heat conductivity. 
v = Velocity. 
a = Diameter of the cylinder. 

T,—T, = Difference of temperature between the cylinder and the fluid. 

If, in this equation, instead of the coefficient 8 in front of the radical sign, 
we place 5 or 6, we find that the results agree well with Kennelly’s experimental 
data. On the other hand, for large cylinders from 2 to 10 cm in diameter, the 
formula gives good results with the coefficient between 7 and 8. 

In the case of forced convection in air at room temperature, equation (14) 
reduces to 


W = 0.000180Cy Va (T,—T,) watts per cm (15) 


Go gle UNIVERSITY OF CALIFOR 


Laws of Heat Transmission in Electrical Machinery 63 


where c is the number that varies from 5 to 8, according to the size of the wire 
as described above. 

From equation (14) we can calculate that with a given difference of tempera- 
ture and given wind velocity, the amount of convection would vary with 


VTo40% 


This would mean that forced convection under these conditions would have 
a temperature coefficient of —0.04 per cent per degree; that is, with a given 
difference of temperature, the amount of convection would decrease slightly 
as the temperature of the air increases. 

If the velocity of the air is produced by centrifugal force, as it often is in 
electric machinery, the velocity of the air currents will probably decrease as 
the air temperature increases, since the density decreases and the viscosity 
increases. The effect of this would be to make the temperature coefficient 
numerically still greater. 

If the convection currents are caused by flue action, (for example, because 
of heat given to the air in long passages), this effect will be still more marked, 
so that the temperature coefficient will be strongly negative. 

In problems on convection of heat, the flue action is often very important. 
For example, in studying the convection from a horizontal, plane disk, 7} in. 
(19 cm) in diameter, we find that if we place a cylinder of asbestos paper about 
10 in. (25 cm) in diameter and 6 in. (15 cm) high, around the disk, the convec- 
tion is nearly doubled when the disk is at about 150 deg. At higher temperatures 
the effect of the cylinder becomes relatively much less. By observing the motion 
of smoke in the air above the heated disk, it is seen that the air descends along 
one side of the cylinder, moves across the disk, and rapidly rises along the other 
side of the cylinder. In general, with vertical surfaces of considerable height, 
any means of preventing horizontal air currents from flowing in towards the 
middle portion of the surface, will tend to increase the convection, since it 
causes the air to be drawn over the lower portion of the surface with very much 
increased velocity. However, if such flues as are made in this way are too long, 
the convection again tends to decrease, since the air that comes in contact with 
the upper part of the surface is already heated by flowing along the lower part of 
the surface, and is therefore capable of taking up very little more additional heat. 

The whole subject of flue action in convection is as yet very little under- 
stood, and should be the subject of further careful experimental investigation. 


Convection in Liquids. — The convection in liquids, in principle, at least, 
does not differ radically from that in gases. However, the velocity of the cur- 
rents set up is very much less than in the case of gases, but because of the very 
great heat capacity of liquids per unit volume, as compared with gases, the 
amount of heat carried by convection is usually much greater than with gases. 
The effect of the viscosity of the liquids is usually of much more importance 
than in the convection of gases. 


Google sine 


64 Laws of Heat Transmission in Electrical Machinery 


The viscosity of liquids, as a rule decreases very rapidly with increase in 
temperature, so that the temperature coefficient of free convection in oil is 
always positive and has a very large value, but differs greatly for different oils. 

In oil-cooled transformers, the importance of this effect was clearly pointed 
by S. E. Johannesen (The Effect of Different Air Temperatures on Tempera- 
ture Rise of Electrical Apparatus, The Rose Technic, Rose Polytechnic 
Institute, Terre Haute, Ind., Nov., 1904). To quote from this article: 


It is well known that a transformer immersed in thin oil will run cooler than one immersed 
in thick oil, all other conditions being the same and further, a transformer immersed in paraffin 
(poured while hot and allowed to solidify) would burn out if operated at a room temperature of 
0 deg. cent., and there would even be danger if it were operated in a room having a normal tem- 
perature; but when immersed in a light oil and run in a room having a normal temperature of 
even say 35 deg. cent., it would operate within safe heat limits. This experiment has been tried. 

Specific heat of liquids differs very little at different temperatures, their power to absorb heat 
being approximately the same at any temperature within the working range of electrical appa- 
ratus. Therefore, the efficiency of a liquid acting as a cooling medium (when confined) depends 
upon its ability to flow, assuming that the points of absorption and dissipation are equally efficient. 

The table below is given as an illustration to show approximately the heat which would be 
dissipated at various room temperatures, and fairly represents results of a heat run of a 100-kw., 
60-cycle, 2000-volt, oil-insulated, self-cooling transformer. 


Room tem- Actual tem- Loss at max. 
perature perature rise temp. rise watts 

5 deg. cent. 60 deg. cent. 1154 

25 ” 50» 1191 

35 ’ 45°» 1210 


He points out for the class of oil-cooling apparatus that the Institute rule 
does not apply, as it gives a correction which is in the wrong direction. 


Combined Effects of Radiation, Convection and Conduction 


The heat lost by surfaces is equal to the sum of the heat radiated and the 
heat carried by convection. It may be of interest to calculate the relative magni- 
tude of these two effects under various conditions. For a surface only slightly 
above room temperature in air at 20 deg. cent , we may calculate the heat lost 
by convection by determining the amount of heat that would be conducted 
through a layer of air 4.3 mm thickness. For one degree temperature difference 
the heat carried through such a film would be equal to the heat conductivity 
of the air, t.e., 0.00025, divided by the thickness of the film in centimeters. 
This gives 0.00059 watt per sq. cm per deg. cent. as the convection from a body 
in the neighborhood of room temperature. 

For a body at 100 deg. cent., taking a mean conductivity over this range as 
0.000275, we find in a similar way the convection to be 0.00064 watt per sq. 
cm per deg. cent. 

From equation (11) the radiation from a black body only slightly above room 
temperature (20 deg. cent.) is 0.00057 watt per sq. cm per deg. cent.'From equa- 
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tion (8), considering the radiation from a black body at 100 deg. cent. in sur- 
roundings of 20 deg. cent., we find the radiation to be 0.00086 watt per sq. cm 
per deg. cent. 

The total loss of heat from a surface will be simply equal to the sum of the 
convection and radiation. For most purposes, it is more convenient to deal 
with surface resistivities, rather than with surface conductivities. The resistiv- 
ities are obtained by taking the reciprocal of the sum of the radiation and con- 
vection. In the following table are given the surface resistivities of plane sur- 
faces, in three different positions, vertical, horizontal, with exposed surface 
above, and horizontal with exposed surface below. In each case the resistiv- 
ity at 20 deg. and at 100 deg. is given. Also, the resistivity for the case of a body 
which does not radiate any heat, and the resistivity for a body radiating as much 
as a black body. Any actual body will, of course, have a resistivity which lies 
between these two extremes. 

Taare III 


Surface Resistivities of Plane Surfaces 














Position 20 deg. cent. 100 deg. cent. 

Vertical 

No radiation ... 1700 1560 

Full radiation 860 670 
Horizontal, exposed above 

No radiation ............0.ceee eee 1540 1430 

Full radiation 820 640 
Horizontal, exposed below 

No radiation ............... eee sees 3400 3100 

Full radiation ................0.00 1150 850 











There are some cases where the radiation of heat does not play any part 
in the heat loss from surfaces. For example, in the interior of machines the 
circulation of air, may carry away heat, yet no heat will be lost by radiation. 
In this case, the surface resistance will be independent of the nature of the sur- 
face and will be that given in the table above for a case of no radiation. 

The effect of air circulation will always be to cut down the surface resistance, 
but even with relatively high wind velocities, this effect will never cut it down 
to less than about one-fifth of its value with no wind. 

Another important case, where the effects of radiation and convection need 
to be separated, is in determining surface losses from a piece of apparatus in 
a room in which the walls are at a different temperature from the air. It is readily 
seen that if the average temperature of the walls of a room is 10 deg. above the 
temperature of the air surrounding the piece of apparatus in the room, the 
apparatus will receive heat by radiation which it must give up by convection. 
Since at room temperature radiation and convection are about equally effective 
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in removing the heat from a body which is a good radiator, it is evident that 
the machine will reach a temperature which is about half way between that of 
the air and that of the walls; that is, the temperature of the surface of the ma- 
chine will be about five deg. above that of the air surrounding it. Similarly, 
if the walls are colder than the air, the machine will have a temperature lower 
than the air. It will be readily appreciated that this effect is by no means negli- 
gible, since the walls of a room are often 10 deg. warmer or colder than the air. 
For example, the roof may be heated by the sun’s rays and the air in the whole 
upper part of the room may be very warm, whereas the air in the lower part 
of the room may be very much colder. Placing paper or cheese cloth screens 
around the machine will almost completely prevent this difference of temper- 
ature of the air and machine. 

As we have seen, small bodies, such as wires, take up the temperature of 
the air very much more readily than large bodies, and therefore this effect 
of radiation from the walls will be negligible in the case of wires. 

We have seen, that the combined effect of radiation and convection is equiv- 
alent to that of a surface resistance which may vary from about 600 to 1700. 
This resistance is equivalent to that of a layer from 23 to 65 meters of copper 
or to a layer of from 1 to 3 cm of rubber. 

In calculations of the flow of heat through apparatus it is usually most con- 
venient to determine the thermal resistance of the solid parts and simply add 
the surface resistance. If we then multiply the result by the number of watts 
of heat flow we obtain the total drop in temperature from the outside of the 
machine to the air surrounding it. Of course in actual machines it will usually 
be very difficult to calculate the thermal resistance of the solid parts. In any 
case, however, a knowledge of the relative importance of the various factors 
will be a long step towards the solution of the problem. 
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CONVECTION AND RADIATION OF HEAT* 


Transactions of the American Electrochemical Society 
Vol. XXIII, 299, (1913). 


Part I. Historical 


Dutonc and Petit, in 1817 (Ann. de chim. et de phys. 7 (1817)), published 
the results of extensive experiments on the rate of cooling of heated bodies in 
air. Most of their work w<s confined to the rate of cooling of thermometer bulbs 
in hollow metal vessels. 

They recognized that the heat loss was due to two distinct causes, radiation 
and convection. The radiation they fcund to depend only on the nature of 
the surface and on the temperature of the body and its surroundings, and not 
on the shape of the body. The convection depended on the temperature of the 
body and its surroundings and upon its shape and position, but was indepen- 
dent of the nature of the surface. They summarized their results by the purely 
empirical formula: 

W = ma*(a™—1)+nT? 
The first term gives the radiation, and the second term the convection. The 
symbols have the meaning: 

W = heat loss per square cm per second 

6 = temp. of the air in °C 

T = temp. of the body above that of the air 

m = a constant, depending on the nature of the surface of the body 
n =a constant, depending on the shape and position of the body 
a = 1.0077, constant for all bodies under all conditions 

b = 1.233, constant for all bodies under all conditions. 

Dulong and Petit did not determine the numerical values of m and n for 
bodies of much practical interest. 

E. Péclet (Traité de Chaleur, 3rd Ed., Paris, 1860) made perhaps the most 
elaborate and thorogoing experiments that have yet been made on the heat 
losses from surfaces. He concluded that Dulong and Petit’s equations were 
accurate and that the values of the constants a and b given by them were reliable. 
Péclet determined with great care the numerical values of m for various kinds 
of materials and the values of n for bodies of various simple geometrical shapes. 


* [Epiror’s Note: This paper was presented at the meeting of the American Electro- 
chemical Society, April 3-5, 1913.] 
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His experiments (see Paulding’s translation of Péclet’s work, Practical Laws 
and Data on the Condensation of Steam in Covered and Bare Pipes, C. P. Paul- 
ding, Van Nostrand Co., 1904) consisted in measuring the rate of cooling of 
hollow metal cylinders, spheres and prisms filled with water. Great care was 
taken to keep a uniform temperature in the vessels by means of elaborate stir- 
ring devices. He used bodies ranging from 5 to 30 cm in size. These bodies 
were placed in a large water-jacketed metal cylinder about 80 cm in diameter 
and 100 cm high. He apparently assumed that the temperature of the air around 
the hot body was the same as that of the water in the large cylinder. 

Dulong and Petit’s formulas, as supplemented by Péclet’s work on the varia- 
tion of n with the dimensions of the body, have been and are still taken, in engi- 
neering practice, as an accurate expression for heat losses from surfaces. It has 
usually been found that the loss by convection calculated from Péclet’s for- 
mulas is too low, but this has been taken care of by using values of n about 
25 per cent higher than those given by Péclet. No one seems seriously to have 
questioned the accuracy of the form of the equation as devised by Dulong 
and Petit. 

In general practice, engineers have usually been content to assume that 
the heat loss from a surface is proportional to the extent of the surface and to 
the difference of temperature between the body and its surroundings. In many 
cases this simple method has been found just as accurate in practice as the 
more complicated formulas of Péclet. 

According to Péclet the heat loss by convection is not proportional to the 
surface, but increases more slowly even for bodies of fairly large size. For 
example, Péclet’s formulas give for the energy loss by convection from spheres 
and cylinders of various sizes the values shown in Table I. 


Tasie I 
Watts per sq. cm Loss by Convection 














Room Temperature 27°C Temperature of Body 127°C 
Diameter Hl Horizontal cylinder : Sphere 
cm 
| Péclet Langmuir! Péclet | Langmuir? 
oo 0.038 \ 0.060 | 0.033 | 0.060 
100 0.040 | 0.061 0.039 0.061 
10 0.053 | 0.066 | 0.082 0.071 
1 0.182 | 0.104 | 0.527 0.152 





1 Calculated from equations (17) and (16), taking B = 0.465 cm and ¢,—9@, = 0.028. 
? Calculated from equations (23) and (22), taking B = 0.465 cm and ¢.—9, = 0.028. 


For vertical planes the corresponding values are given in Table II. It will 
be observed that the watts lost per sq. cm from a surface 1 meter high, accord- 
ing to Péclet’s formulas, is 21 per cent greater than the loss per sq. cm from 
a surface 10 meters high. 
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Tasre II 


Watts per sq. cm Loss by Convection from Vertical Plane Surface 
According to Péclet ° 





Room Temperature 27°C Temperature of Body 127°C 





Height of plane in cm Watts per square cm 





i) 0.033 
100 0.045 
10 0.070 
1 0.152 


| 
! 
| 
1000 0.037 . 





Many attempts have been made on the part of physicists and mathema- 
ticians to develop the theory of the convection of heat. In all cases it has 
been necessary to make simplifying assumptions in order to get equations 
which can be handled mathematically. These assumptions have very 
seriously restricted the usefulness of the results. A review of this work 
on heat convection and references to most of the important work on the 
subject will be found in a recent paper by Alex. Russell (Phil. Mag. 20, 
591 (1910)). 

The author as far back as 1905 felt that in the immediate proximity of hot 
wires the heat must be carried almost solely by conduction, and that the amount 
of heat carried by convection must be very small. More recently he attempted 
to determine how thick a film of stationary gas around a wire would make 
the heat loss equal to that actually observed. That is, he assumed that around 
a wire there is a cylindrical film of gas of definite diameter, thru which the 
heat is carried only by conduction and outside of which there is no appreciable 
temperature gradient, the heat in this outer zone being carried entirely 
by convection. This hypothesis, when tested by extensive experiments on 
the heat losses from heated platinum wires, led to very interesting and 
useful results (Phys. Rev. 34, 401 (1912)). The results were further 
tested (Proc. A. I. E. E., 31, 1011 (1912)) by applying them to Kennelly’s 
(Trans. A. I. E. E., 28, 363 (1909)) data on the “Convection of Heat from 
Small Copper Wires.” 


It is the object of the present paper to extend the work of the two preceding 
Papers to cover convection of heat from plane surfaces. Altho with wires the _ 
radiation of heat is practically negligible compared to convection, the reverse 
is often the case with plane surfaces, and therefore, in considering convection 
from such surfaces, it will also be necessary to take into account radiation. 
In this paper it is also intended to summarize the previous results and put 
them into such practical form that they will be of service in actual problems 
in heat transmission from surfaces. 
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Part II. Theoretical 


It will be assumed that the heat loss from any surface is the sum of two 
parts, radiation and convection. Thus: 


W = We+ We (1) 
where W is the total heat loss in watts per sq. cm. The Stefan-Boltzman Law! 
Wa = 5.9x 10-?*(T$—T$) watts per cm? (2) 


gives accurately the rate of heat loss from a black body at the temperature T, 
in surroundings of the temperature T,. 
For any other body we may put 


Wa = 5.9E ((; aa ~ (sacs) | (3) 


where E is the emissivity of the body. The quantity E is a number which must 
always be less than unity, and will be different for different substances. For 
most materials E will vary only very slightly with the temperature, and may, 
for practical purposes, usually be considered a constant for any one substance. 

We will assume that the heat loss by convection W, consists essentially of 
heat conducted away from the body thru a film of relatively stationary gas 
around the body. We assume that the temperature of the outside surface of 
this film is the same as that of the gas at a great distance from the body, that 
is, that the whole of the temperature drop occurs with the film. 

The problem of heat convection thus reduces to one of heat conduction. 

In all problems of heat conduction we may obtain a formula of the form 


w=s [kar ; (4) 


where W is the total watts of heat flow. S is what we may call the “Shape 
Factor,” and k is the heat conductivity of the material at the temperature T 
in watts per cm per degree. 

The shape factor depends only on the geometrical shape of the body and 
the positions of the surfaces by which the heat leaves and enters the body. 
There are only three simple cases in which the shape factor can be rigorously 
calculated. In a subsequent paper it will be shown how it may be calculated 
with a considerable degree of accuracy for several other cases occurring com- 
monly in practice. The three simple cases are for flow of heat between 


(I) Parallel plane surfaces 


aa 


S=- (5) 


where A = area of surface 
t = thickness of material between surfaces. 


1 Gerlach, Ann. Phys. 38, 1 (1912). 
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(II) Concentric cylinders 


Sa (6) 


where | = the length of the cylinder, 6 and a are the diameters of the outer 
and inner cylinders, respectively. 


(III) Concentric spheres 





bers ge (7) 


where 6b and a are the diameters of the outer and inner spheres, respectively. 
For convenience we may place 


T, 
”i= fkaT 

a (8) 
vi= {kaT 

0 


Equation (4) then reduces to the form 
W. = S(¢2—41) (9) 


In all problems in heat conduction where the heat conductivity varies 
with the temperature it will be found convenient to use equation (9). 
Tables or curves of gy as a function of the temperature can be prepared 
for any case, and it will be found much more satisfactory to use these 
than to use a mean value of the heat conductivity for the temperature range 
in question. 

We will now return to our problem of heat convection. Let us consider 
first the case of a plane surface. 


Convection from a Plane Surface 


We have here to consider the heat conduction thru a plane film of gas adhering 
to the surface. Let us call the thickness of this film B, then we have 


A 
w=40.-») (10) 
or, if we represent the watts per sq. cm by We, 


We= 5 (nv) (1) 
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Convection from Cylindrical Wires 

In this case the wire (of diameter a) is surrounded by a cylindrical film 
of gas of diameter b. The thickness of the film is thus 1/2(b—a). We then 
have : 


w=" (.—m) (12) 


In — 
a 





It would naturally be supposed that the thickness of the film }(b—a@) would 
be a function of the size of the wire. The most reasonable assumption in this 
case is that not only the temperature, but also the temperature gradient at 
the outside surface of the film, would be the same as in the case of the film 
adhering to the plane surface. If we let r be the distance from the axis of the 
wire to any given isothermal surface, and x the distance of the corresponding 
isotherm from the surface of the plane, then we have, since the temperature 
gradients are to be the same, 
dr = dx 


at the outside surfaces of the films. With equal gradients the heat flux per unit 
surface would also be equal at the outer surfaces of the two films. Within 
the films, however, the heat flux density would remain constant in case of the 
plane film, but would vary inversely as the radius r in the case of the wire. 
The distance between corresponding isotherms would be inversely proportion- 
al to the heat flux density, therefore directly proportional to the radius in 
the case of the wire. That is, dr is proportional to r. But when r equals 45, 
dr and dx are equal, therefore 


r 
dr= aoe (13) 
or 
dr 2dx 
=e 


Integrating the first term between the limits $a and }5, and the second 
term between the corresponding limits o and B (B being the thickness of the 
film for a plane surface), we obtain: 


6 2B 
In re (14) 
This equation enables us to calculate 6 from B. We can save an extra operation 
by expressing the shape factor S directly in terms of a and B. To do this, 
substitute (14) in (6) and obtain 
oe 


S=-5 


(15) 
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but from (6) 


whence 
Qal 
b= ae* 
substituting this in (15) 
S= ile: Ac 
~"B 
If we place S/Il = S, the specific shape factor or shape factor per cm, we have 
a S§ -% 
Rox! (16) 


For numerical calculations, a/B can be plotted as a function of S, and from 
this curve the shape factor for a wire of any given diameter can be found when 
the value of B, the film thickness for a plane surface, is known. The energy 
loss per cm W,) will then be 


W. = S(v2—41) (17) 
A table of S as a function of a/B is given in Table III. 


Convection from Spheres 

In this case the sphere (of diameter a) is surrounded by a spherical film of 
gas of diameter b. The thickness of the film is thus 1/2 (6—a). We can carry 
thru the same train of reasoning as in the case of the cylindrical wires and so 
obtain in place of (13): 


2 
r 
a= (ify) & eo 
Integrating as before and dividing by 2: 
1 1 2B 
tee yaa a un) 
By combining this with (7) we get: 
mb? 
sa (20) 
Substituting this in (19): 
loos _2& 
a -V87 3 
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From this S can be plotted as a function of a, or the equation can be solved, 

















giving: 
ma? 4B 8B 
S= (14+ — 14 — 22) 
2B + a + + a (22) 
Taste III 
Shape Factor for Wires 
s a/B Ss a/B Ss a/B Ss a/B 
7 | 
0.0 0.0 5.0 0.453 10 1.696 30 7.738 
0.5 0.56 x 10-* 5.5 0.558 12 2.263 32 8.370 
1.0 | 0.594 x 10% 6.0 0.671 14 2.844 34 8.995 
1.5 0.725 x 10-? 6.5 0.788 16 3.438 36 9.622 
2.0 2.752 x 10-* 7.0 0.908 18 4.040 38 10.25 
2.5 0.0644 75 1.032 20 4.645 40 10.87 
3.0 0.1176 8.0 1.160 22 5.263 42 11.50 
3.5 0.185 8.5 1.291 24 5.877 44 12.14 
4.0 0.265 9.0 1.424 26 6.505 46 12.77 
4.5 0.354 9.5 1.561 28 7.122 48 13.40 
5.0 0.453 10.0 1.696 30 7.738 50 14.03 
| 1 

















The heat loss by convection from the sphere then becomes: 
W = S(s—) (23) 


In the case of the sphere we may also calculate the convection if we know B, 
the film thickness for a plane surface. 


Value of B, Thickness of Plane Film : 

For both the cylinder and sphere the thickness of the film can be readily 
calculated if we know its thickness for a plane surface. Any experiment on the 
convection of heat from planes or cylinders thus furnishes as a means of cal- 
culating B. If the above assumptions are substantially correct, then we should 
obtain the same values of B from experiments on wires of any size, as we obtain 
from plane surfaces. We may further determine how B varies with the following 
factors: 

Temperature of the hot body. 
Position of the hot body. 
Temperature of the surrounding gas. 
Pressure of the gas. 
Velocity of the gas. 
Composition of the gas. 
Nature of surface. 
In the experimental part of this paper the effects of these factors on the 
values of B will be discussed in detail. 
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Calculation of y, the ‘Thermal Conduction” 
It is shown in the previous paper that the variation of the heat conductiv- 
ity of any ordinary non-dissociating gas can be expressed by the equation: 


k=A(1+a7)_VT_ (24) 





Fic. 1. Plot of 9, —¢, for air; Abscissae, Temperature of hot body 
in °C; Ordinates, p, —y,. Room temperature (T;) is taken as 20°C. 


C is Sutherland’s constant, a is the temperature coefficient of the specific 
heat of the gas. From this we obtain as a very close approximation by (8): 
T 


gy = A(1+0.6aT) | ——— 
é 0 14-7 
The integral has the value 
2 T 
Bate be ee "ls "stan? / 
3 T*h—2CT'42C"h tan V CG 
Table IV gives the values of A, a and C for several of the common gases. 
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Taste IV 
Data for Thermal Conduction of Gases in Watts per cm per Degree 





Gas | A a Cc 





AGE iriccd vp hnes onion Neco as eee neoe ee ae 19.2 x 10-* 0.0002 124 








Hydrogen ..... Le 117.0 x 10-* 0.0002 77 
Mercury vapor . 10.0 x 10-* 0.0000 960 
Nitrogen 19.9 x 10-* 0.0002 110 
Carbon dioxide below 1100°K .......... 13.1 x 10-* 0.00095 260 
Carbon dioxide above 1100°' ........... 20.9 x 10-* 0.00026 260 





1 According to Pier, Z. f. Elektrochem., 16, 899 (1910), the mean specific heat of CO, from 
O°C can be well represented by a line broken at 1100°. Thus for the molecular specific heats 
of CO, at constant volume we take 

Below 1100°K. C = 5.45 (1+0.00095 T) g cal per °C. 
Above 1100°K. C = 8.68 (1+0.00026 7) g cal per °C. 

The values of g calculated for temperatures above 1100°K. have all been diminished by .415, 

in order that there may be no break in the curve at 1100°K. 


From these data the values of the thermal conduction for these gases 
have been calculated (slide rule) and are given in Table V. 


Taste V 
Table of y, in Watts per cm, as Function of Absolute Temp. (°K) 














T Air Hydrogen Mercury Nitrogen Carbon 
| i H Vapor Dioxide 
o°K 0.0000 0.0000 oe 0.0000 0.0000 
100° 0.0041 0.0329 sade 0.0054 0.0036 
200° 0.0168 0.1294 Bois os 0.0188 0.0082 
300° 0.0387 0.278 soy 0.0417 0.0207 
400° 0.0669 0.470 ste 0.0717 0.0390 
500° 0.1017 0.700 0.0165 0.1081 0.0635 
700° 0.189 1,261 0.0356 0.1989 0.1318 
900° 0.297 1.961 0.0621 0.3119 0.2274 
1,100° 0.426 2.787, 0.0941 0.4450 0.3620 
1,300° 0.576 3.726 0.1333 0.5980 0.5455 
1,500° 0.744 4.787 0.1783 0.7710 0.7325 
1,700° 0.931 5.945 0.228 0.9620 0.9370 
1,900° 1.138 7.255 0.284 1.172 1.117 
2,100° 1.363 8.655 0.345 1.401 1.363 
2,300° 1.608 10.18 0.411 1.649 1.634 
2,500° 1.871 11.82 0.481 1.918 1.932 
2,700° shee 13.56 0.556 2.202 
2,900° oe 15.54 0.636 2.511 
3,100° ee 17.42 0.719 2.834 
3,300° ees 19.50 0.807 3.176 
3,500° i os Ue 21.79 0.898 3.540 
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The results for air are also given by the curve in Fig. 1. For convenience 
the temperatures are given in Centigrade degrees and the value of ¢ for a tem- 
perature of 20°C (that is, p = 0.0370) has been subtracted. 


Part III. Experimental 


The experiments on the convection from small platinum wires (Phys. Rev., 
loc. cit.) have shown that the value of B calculated from measurements on 
wires ranging from 0.004 to 0.050 cm in diameter is equal to 0.43 cm and is 
entirely independent of the diameter, and of the temperature of the wire. 

This result gives practically perfect agreemient when tested by Kennelly’s 
data on the convection from copper wires ranging from 0.01 to 0.07 cm di- 
ameter. 

Experimentally, therefore, for wires from 0.004 to 0.070 cm diameter, 
the above theory has been proved to give the correct relation between power 
consumption and the diameter. In order to determine whether the theory is 
generally applicable, it was decided to make measurements of the convection 
losses from plane surfaces. In this case a new difficulty is encountered — the 
fact that radiation is often much greater than convection. 


Convection from Plane Surfaces 


These experiments were made by measuring the temperature of metal 
disks 7*/, inches in diameter and #/, inch thick when heated electrically by 
a known amount of power. The apparatus used is shown in Fig. 2. The metal 
disk B is provided with a flat heating unit D of calorite, placed between mica 
plates and held in place below the plate by a thin sheet of calorite. The plat- 
inum : platinum-rhodium thermocouple A is attached to the under side of the 
plate by a small screw, so that the junction is tightly clamped to it. 

The large cast iron cylinder F, 95/, inch (24 cm) in diameter and 5 inches 
(12.5 cm) high, served to hold the heat insulating material G in place and thus 
to prevent as much as possible the loss of heat from the plate except from the 
single exposed surface. The plate B was held in place by the steel rods E (3/, 
inch (0.3 cm) diameter). Mica rings C were used to keep the insulation from 
escaping from the cylinder when it was turned on its side or inverted. 

The apparatus was so designed that the loss of heat from the plate to the 
cylinder would be as small as possible. To find exactly what this loss of heat 
was, so that correction could be made for it, a sheet iron cylinder of 9!/, inches 
(24 cm) diameter and 5 inches (12.5 cm) depth was placed on the one shown 
in the figure, and this was filled with insulation and the metal disk heated to 
various temperatures. From measurements of the specific thermal resistance 
of this material the heat loss thru the upper part could be calculated sufficiently 
accurately, and by deducting this from the total watts actually observed, with 
insulation above as well as below the plate, the amount of heat lost thru the 
metal rods E, mica ring C and insulation G could be accurately determined. 
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This quantity was applied, in measurements on convection, as a correction to 
the total watts, in order to find the watts lost by convection and radiation 
from the upper surface of the plate. This correction was relatively small, amount- 
ing in most cases to only about 6 to 8 per cent. 


c Df A 8B 





Fic. 2. Cross section of apparatus for determining heat losses from metal disks. 


The thermocouple wires, being placed below the unit and embedded in 
the insulation, would reach the temperature of the surface itself. The heat 
conductivity of all metals is so good that with the amounts of heat flux employed 
in these experiments the drop in temperature from one side of the plate to 
the other could never have exceeded 7°, and must usually have been much 
less than this. 

The tests conducted with this apparatus, as well as the building of the 
apparatus itself, have been carried out under the direction of Mr. C. P. Ran- 
dolph, at the Heating Device Research Laboratory at Great Barrington. 

The experiments have thus far included measurements of the total heat 
losses from metal disks of the following materials: 

Copper, oxidized by heating to a red heat. 

Copper, calorized (that is, surface impregnated with aluminum). 
Silver, pure, polished. 

Cast iron, fresh machined surface. 

Cast iron, oxidized by heating to a red heat. 

Aluminum paint (on cast iron). 

Gold enamel on cast iron. 

Monel metal, bright. 

. Monel metal, oxidized by heating to red heat. 

The measurements were made by heating the disk with a given current 
at constant voltage and waiting until a stationary temperature had been reached, 
the wattage being recorded. Then the current would be raised to a value which 
would raise the temperature about 100°, and another reading taken. At lower 
temperatures the readings were usually taken every 40° to 50°. These results 
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were plotted and a smooth curve drawn thru the points. Usually all the points 
fell very close to the line. The results taken from these curves are recorded in 
Table VI. 
Taste VI 
Total Heat Loss from Various Surfaces in Quiet Air 
Surfaces vertical unless otherwise indicated 


Room temperature 300°K 


In watts per square cm 























| 
Surface 325°K | 350°K | 400°K | 500°K | 600°K | 700°K ' 800°K | 900°K 
! l 
| eran gse ga jae oN meee | 

1 , Copper, oxidized. . .. | 0.025 0.054 | 0.142 | 0.370 | 0.730! 1.35 | 2.7 
2 |! Copper, calorized 0.018 0.037 | 0.090 | 0.233 | 0.420 | 0.68 | 0.99 
3a! Silver, pure, vertical ... | 0.011 0.028 | 0.065 | 0.156 | 0.260 | 0.385 | 0.530 | 0.670 
3b, Silver, horizontal, upper 

| surface exposed ..... 0.012 0.029 | 0.071 | 0.168 | 0.284 | 0.420 | 0.57 | 0.74 
3c! Silver, horizontal, lower 

| surface exposed ..... 0.006 0.015 | 0.036 | 0.081 | 0.136 | 0.201 | 0.292 | 0.405 
4 | Cast iron, bright ...... 0.014 | 0.034] 0.087;...);..... 4)... 0048 
5 | Cast iron, oxidized 0.020 | 0.053 | 0.130 | 0.357 | 0.713 | 1.19 | 1.71 2.16 
6 | Aluminum paint 0.023 | 0.050 | 0.110 ; 
7 | Gold, enamel «» |0.017 0.042 | 0.101 
8 | Monel metal, bright ... | 0.020 | 0.048 | 0.102 


Monel metal, oxidized . | 0.020 0.050 | 0.114 | 0.280 | 0.530 | 0.92 |1.36 1.86 


9 
10 | Radiation black body .. | 0.018 | 0.040 | 0.104 | 0.322 | 0.717 | 1.37 | 2.37 3.82 
11 | Radiation, silver ....... 0.0003 | 0.0008} 0.0022) 0.0087; 0.023", 0.048 | 0.083 | 0.134 
12 | Convection silver, vertical | | 

| surface ..........00. 0.011 | 0.026 | 0.063 | 0.147 | 0.237 | 0.337 | 0.447 | 0.536 
13 | @y— Oy. ceeccseeseses 0.00647] 0.013 | 0.028 | 0.064 | 0.104 | 0.151 | 0.200} 0.259 


14 | B, Film thickness, cm .. | 0.58 0.50 0.44 0.44 | 0.44 | 0.45 | 0.45 0.48 
15 | Calculated convec- ! 
tion (B = 0.45cm) .. | 0.014 0.029 | 0.062 | 0.142 | 0.231 | 0.335 | 0.444 0.575 
16 | B, for horizontal surface | | | 
exposed above, cm .. | 0.54 0.46 0.41 0.41 | 0.40 | 0.41 | 0.41 0.42 
17 | B, for horizontal surface 
exposed below, cm .. | 1.08 0.93 0.82 | 0.89 | 0.92 | 0.99 | 0.96 ; 0.96 
18 | Calculated convec- | 

tion (Lorenz) 
19° Ratio, per cent 











0.0114 | 0.0270, 0.0642) 0.154 | 0.254 | 0.368 0.485 0.607 
104 104 102 105 107 | 109, 108 113 
u 1 ' 


























It will be observed that the difference between the losses for the vertical 
position and for the horizontal position with the upper surface exposed is 
relatively very slight. This fact is strong evidence that the phenomenon of 
heat convection is much simpler than has usually been supposed. 

The amount of heat radiated from the silver surface can be calculated fairly 
accurately from Hagen & Ruben’s formula (Ann. Phys., 8, 1 (1902)), which 
gives the emissivity of any metal for long wave lengths in terms of the electrical 
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resistivity of the metal. This formula has been amply verified for many metals 
up to wave lengths of about 4 microns. For shorter wave lengths it ceases to 
hold accurately. The formula 


E = 0.365 V 5 (25) 


where o = specific electrical resistivity in ohm-cm. 
4 = wave length of the radiant energy in cm. 
For silver o = 1.76Xx10-*, at 300°K. 
Now, according to Wien’s displacement law the wave length of the radiant 
energy of maximum intensity from a black body is 


Ay = _ cm. (26) 

For temperatures up to about 700° most of the energy in the spectrum is 
of wave length greater than 2 microns, and therefore up to this temperature 
we should expect Hagen and Ruben’s formula to hold. 

Since for pure metals o increases about proportional to the absolute tem- 
perature, and from Wien’s law A is inversely proportional to T, it follows that E 
itself, up to about 700°, would be proportional to T. At 300°K (about room 
temperature), A, is 0.00096 cm, whence E = 0.0156. 

That is, at 300° silver would radiate only 1.6 per cent as much as a black 
body. Up to about 700° this would increase approximately proportional to the 
temperature, but above that probably more slowly. According to Kohlrausch’s 
Tables, even for a wave length of 1.00 micron, a shorter wave length than would 
be radiated from silver below its melting point, the reflectivity is still 96.5 
per cent, therefore the emissivity is only 3.5 per cent. 

The remarkably small amount of radiation from the silver surface was 
very strikingly apparent during the experiments. Even when the silver plate 
was heated to 700°C the hand could be held within an inch of it with perfect 
comfort, whereas with any of the other surfaces at this temperature the amount 
of heat radiated made it impossible to hold the hand near it for more than a couple 
of seconds. : 

Another interesting and significant observation made during the experi- 
ments was that the air near the plates, even when these were heated to redness, 
was only heated to a distance of less than a quarter of an inch from the plates. 
For example, a piece of paper would not begin to char until it was brought 
within about 3, of an inch of the plate. With the plates at a lower tempera- 
ture, say 250°, the same could be observed by bringing the back of a finger 
near the plate. Until within about a quarter of an inch practically no heat 
but the radiant heat was felt. The finger could not comfortably be brought 
closer than that distance. This is one of many simple demonstrations of the 
existence of a film of heated gas of about 4 to 5 mm thickness. 
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Returning now to the consideration of the radiation from the silver plate, 
it should be pointed out that when this plate was heated above about 400°C 
it lost its high polish and reflected only diffusely, but remained very white. 
This change, however, did not materially alter its radiating properties, for upon 
cooling after heating to about 700°C the power consumption at 200° and 300°C 
was practically identical with that previously determined. 

We may therefore safely conclude that the values we have calculated for 
the radiation from silver may be applied accurately to the piece of silver used 
in these experiments. In this way we calculate the energy radiated from the 
silver at the various temperatures. 

These results, together with the energy radiated from a black body (cal- 
culated from equation (2)), are given in the 11th and 10th lines of Table VI. 

By subtracting the radiated energy from the total we obtain the energy 
lost by convection. This is given in line 12. 

We are now in position to calculate the film thickness B for convection 
from a plane surface. According to equation (11) we find B from 


P2—P1 
B= “Ww. (27) 

In line 13 are given the values of p,—g, taken from Table V, and in line 
14 the values of B calculated from them. The mean of these values of B 
is 0.45 cm. Taking this value and calculating W. from equation (11) we get 
the figures of line 15. 

The agreement with the observed convection given in line 12 is very satis- 
factory. 

The value of B, 0.45 cm, obtained from these experiments is in remarkably 
good agreement with the value 0.43 cm obtained as an average from many 
experiments with small wires. This fact is perhaps the strongest indication 
of the usefulness and probable correctness of the present “conduction theory” 
of convection. 

Of course the gap between wires of 0.7 mm diam. and plane surfaces 19.0 cm 
in diam. is very large, still it would seem that the fact that the theory enables 
us to calculate the convection for these two extremes is sufficient to warrant 
its application to spheres and cylinders of any size. Actual experiments on the 
heat losses from a silver rod 6.0 mm in diameter are in progress, and seem to 
indicate the substantial correctness of the theory. 

The convection upwards from a horizontal surface is slightly greater than 
from a vertical surface. The values of B at various temperatures for this case 
are given in line 16. The mean value of B from 400° to 900° is 0.41 cm. Thus 
the convection upwards from a plane surface is about 12 per cent greater than 
from a vertical surface. The convection downwards from a horizontal surface 
gives for a mean B = 0.92 cm. Therefore the convection downwards is about 
one-half as great as that upwards. 
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Of course in this case there is in no sense free convection, for there is a layer 
of stagnant air below the plate which is limited in thickness only by the rate 
at which it gradually pours off upwards from the edges. We find that by wrap- 
ping a piece of asbestos paper around the iron cylinder (in inverted position, 
see Fig. 2) so that its edge extends about 1 inch below the level of the plate, 
that the amount of heat lost by convection is reduced to a small fraction of 
what it is without the asbestos paper. 























200 300 
TEMPERATURE er SURFACE 


Fic. 3. Convection from plane surfaces. 


A plot of the losses by convection from surfaces in the three positions is 
given in Fig. 3. These results are obtained from the data on lines 3a, 3b and 
3c of Table VI by substracting the radiation given in line 11. For convenience 
the temperature is given on the centigrade scale. 

At temperatures from 400°K upwards the values of B show no distinct tem- 
perature coefficient. We may safely conclude, just as we were able to do with 
the convection from small wires, that the thickness B of the film is indepen- 
dent of the temperature of the plate (or wire). 

It seems very remarkable that this is so, and as yet no satisfactory explana- 
tion has been found. 
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At temperatures less than 50° above room temperature the experiments 
indicate that the convection is somewhat less than would be calculated from 
the theory. Thus we find that at a temperature only 25° above room tempera- 
ture the value of B is 0.58 instead of 0.45. In other words, the convection is 
only about 80 per cent of that calculated. There are good theoretical reasons 
for believing that, for extremely small differences of temperature B would 
increase indefinitely, or, in other words, there would be no convection, but 
only conduction. 

For very small temperature differences probably some such relation as that 
calculated by L. Lorenz (Ann. Phys. 13, 582 (1881)) holds. Lorenz, by making 
certain reasonable assumptions, calculated theoretically the convection from 
large vertical plane surfaces. He obtained the formula: 


W. = 0.548 V & cake V/a(T,—T,)°" (28) 


where 
c = specific heat of the gas 
k = its heat conductivity 
h = its viscosity 
T = its temperature 
d = its density 
& = gravitational constant 

T, = temperature of the plane surface 

1, = temperature of the gas at a great distance from the plane 

H = height of the plane. 

From the assumptions made by Lorenz we should expect this equation 
to hold accurately only for small temperature differences. 

In its form the equation agrees well with Dulong and Petit’s equation for 
convection. Lorenz finds the exponent 5/4, whereas Dulong and Petit found 
empirically 1.233. 

To determine the numerical factors for air at 300°K we will substitute the 
values 


c= 0.72 joules per gram per °C 
k= 0.000250 watts per cm per °C 
h= 0.000182 grams per sec per cm 
d= 0.00117 grams per sec 
g= 981 — cm per sec.? 
The equation thus becomes (for air at 27°C): 
W. = 0.000399H-"(T,—T,)54 (29) 
If we take H = 15 cm, corresponding roughly to a disk 7.5 inches in diameter, 
we have: 
W. = 0.000203(7,—T7;)5"* (30) 
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The convection at various temperatures has been calculated from this equa- 
tion, and is given in line 18, Table VI. On line 19 is the ratio of the results 
of line 18 to the observed convection given on line 12. The results are a little 
too high, but by taking the coefficient in the last equation 0.000195 instead of 
0.000203 the agreement up to 700° would be excellent. 

It is surprising that this equation should hold up to such high temperatures 
when the heat conductivity, viscosity and density all vary so rapidly with the 
temperature, and none of these variations were taken into account in deriving 
the equation. 

The observed convection losses given on line 12, Table VI, were plotted 
on logarithmic paper and were found to be very nearly straight, only a slight 
curvature above 600° being observable. The average slope of the curve up 
to 600° is 1.24, which means that the convection increases proportionally to 
the 1.24 power of the temperature difference. 

Thus we see that Lorenz’s and Dulong and Petit’s laws in regard to the 
relation between temperature and convection hold quite accurately even up 
to very high temperatures. 

However, at high temperatures it must be only a coincidence that Lorenz’s 
law gives results agreeing so closely with those calculated from ¢ on the assump- 
tion of constant film thickness. By plotting the data on convection from plat- 
inum wires in air (Phys. Rev., loc. cit.) at very high temperatures it is found 
that the exponent b of Dulong and Petit’s equation increases from 1.24 at low 
temperatures up to 1.53 at 1700°K. Similar increases are observed with other 
gases: nitrogen, carbon dioxide and hydrogen. Especially with carbon dioxide 
this increase is very marked, the exponent increasing from about 1.30 at low 
temperatures up to 1.72 at 1700°K. This fits in with the fact that Sutherland’s 
constant C (see Table IV) is 260 for carbon dioxide, being much higher than 
for the other gases. 


Radiation from Plane Surfaces 


Having now determined the amount of heat carried away from plane sur- 
faces by convection, we are prepared to estimate the energy losses by radiation 
from each of the surfaces studied. 

If we subtract from the total energy losses given in Table VI (lines 1 to 9) 
the energy lost by convection (line 12) we obtain the energy radiated. If we 
now divide these results by the calculated radiation from a black body (line 10) 
we obtain the emissivity E of the surface. Table VII contains the results cal- 
culated in this way. The emissivity E is expressed as percentage radiation, 
taking the radiation from a black body as 100 per cent. 

Theoretically the emissivity E should be a function of the temperature. In 
most cases the total energy emissivity increases with the temperature princi- 
pally because the energy of maximum intensity shifts into a part of the spectrum 
where the emissivity is greater. But in some cases the opposite might be true. 
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Tasre VII 


Emissivity of Various Surfaces 
Giving Radiation as Percentage of that from a Black Body 











Room temperature 300°K Temperature °K 
‘ Surface 325, 350 400 | 500 600 700 800 900 Mean 
1| Copper, oxidized..... 77,| 70 | 76 | 69 | 69 | 74 | 3... 2 
2) Copper, calorized.... | 39 | 28 | 26 | 27 | 26 | 25 | 23 j.. | 26 
3 | Silver (calculated) ... | 1.7 | 1.9 | 21 | 27 (32 35 35 | 35 | 3.0 
4| Cast iron, bright .....| 17 | 20 aes era ne .. | 22 
5 | Cast iron, oxidized .. | 50 | 67 | 64 | 65 | 67 | 62 | 53 | 42 | 62 
6 | Aluminum, paint ... | 67 | 60 | 45 9... | | ty pat | 50 
7| Gold, enamel ....... 33 | 40 | 37 | | femetelltince| | 37 
a] Mince ceat Gage 0 551-38 Veo fee hae, Poe 48 
9 : Monel metal, oxidized 50 60 49 | 41 | 41 42 38 | 35 | 43 














Nevertheless, as an approximation we may assume that the emissivity is 
constant, and in calculating the total losses from plane surfaces we may simply 
add the calculated convection (line 15, Table VI) to the product of the mean 
emissivity and the radiation from a black body. The results for total energy 
losses have been calculated in this way, and are plotted in Fig. 4. 

The most serious criticism that can be raised against the above work on 
convection losses from surfaces is the fact that we have calculated the radiation 
from the silver surface. There is, of course, a possibility that, owing to some 
unforeseen change in surface condition, the silver may actually have radiated 
more than the calculations give. The fact that the emissivities found on the 
basis of these calculations show no distinct temperature trend is strong evidence 
that no large error has been made in this way. However, to remove this uncer- 
tainty we have started experiments to measure directly the relative amounts 
of radiation from various surfaces, and will probably publish these results at 
a later date. 


Effect of Air Currents on Convection 

In a previous paper (Proc. A. I. E. E., loc. cit.) Kennelly’s data on forced 
convection from small copper wires were analyzed in the light of the present 
theory. The calculated film thickness was very much less than in quiet air. 
For example, for a wire heated 211° above room temperature the values of 
B for various wind velocities were: 








Wind velocity, cm per second | B (cm) 
330 | 0.0162 
900 0.0077 
1800 0.0044 
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_In quiet air B was found to be 0.43 cm. 

For wires from 0.01 to 0.02 cm in diameter the size of the wire had no effect 
on the value of B calculated from the observations, and it was thought that 
probably the film thickness B found from experiments on plane surfaces would 
yield similar results. 
































Altho only very rough experiments have been made to test this point, yet 
they prove that the values of B obtained from experiments on plane surfaces 
are from 5 to 7 times larger than those calculated from wires. 

This result was obtained simply by taking measurements of the power neces- 
sary to maintain a 71/,-inch disk of calorized steel at a temperature of 500°C, 
when subjected to the wind produced by an electric fan. The wind velocities 
were measured by a calibrated anemometer. The experiment gave the results 
in Table VIII. 

A formula which agrees sufficiently well (see last column) with these results is: 

35 
iV a 


where V is the wind velocity in cm per sec. 


B= 0.45 
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Tasie VIII 
Effect of Air Currents on Convection from a Plane Surface 








Temperature of surface 500°C Pa —P1 = 0.189 
Wind velocity | Total energy | Convection B B 
cm per sec \ watts/ cm?* i watts/cm?* Obs. cm Cal. cm 
0 1.42 | 0.41 | 0.44 | 0.45 
270 ! 2.17 1.16 0.155 0.152 
370 | 2.37 1.36 | 0.131 - 0.132 
410 | 2.45 1.44 | 0.124 0.126 





If we calculate B by the formulas deduced from Kennelly’s data we would 
have 0.025, 0.019 and 0.018, instead of the 0.155, 0.131 and 0.124 given in 
next to the last column of Table VIII. 

Carpenter (Heating and Ventilating Buildings, Wiley & Sons, 1903) gives 
the following data on the heat loss from a 2-inch steam pipe at 66° above room 
temperature. 

















Taste IX 
Velocity of air | Heat loss BTU per sq. ft. 
Ft. per second f per °F per hour 
9.8 | 6.3 
4.1 | 4.3 
6.7 | 5.5 
5.5 | 5.5 
Converting these to metric units we have: 
Taste X 
: : i Total heat loss | Convection | 
Wind velocity | watts per cm? | watts per cm? | ad 
cm per sec | per °C per °C cm 
300 | 0.0036 0.0031 | 0.084 
126 0.0024 0.0019 ; 0.137 
205 | 0.0031 | 0.0026 ‘ 0.100 


168 | 0.0031 0.0026 0.100 





To calculate the convection it was assumed that the radiation was equal 
to that from oxidized cast iron, that is, to 65 per cent of that from a black body. 
This gives 0.00052 watts per cm? per °C for the radiation. 

For the calculation of B the value of .—¢, for one degree difference of tem- 
perature was taken as 0.00026. 
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These results give values of B somewhat lower than those of our experi- 
ments. This is probably due principally to the smaller surface employed. For 
forced convection undoubtedly the extent of the surface plays a larger part 
than in the case of free convection. 

The effect of air currents can probably best be taken into account by cal- 
culating the convection for quiet air and then multiplying by a factor which 
depends on the wind velocity only. For plane surfaces this factor would be: 

E35 
35 

Kennelly had found for the convection from small wires that the effect of 
wind velocity can be allowed for by multiplying by V3 . These two 
factors are so nearly the same that it is evident that the method would give 
good results for both plane surfaces and wires. 

It seems, therefore, that for forced convection the film theory loses its useful- 
ness. It is probable that for cylinders or wires in strong air currents the formula 
deduced theoretically by A. Russell (J. c.) would be more generally applicable. 

Russell’s equation gives for the power loss by convection in any fluid: 


w.=8 V YG ae A) 


where W, = convection loss per unit of length 
= specific heat of the fluid 
d = density of the fluid 
k = heat conductivity 
V = velocity 
a = radius of the wire 
T,—T, = difference of temperature between the wire and the fluid. 





This equation was calculated on the assumption that the fluid has no viscos- 
ity, is incompressible and has constant density and heat conductivity. Hence 
it should only give roughly approximate values when applied to the problems 
of cylinders being cooled by currents of air. 

If this formula is tested out by Kennelly’s data on forced convection it is 
found to give results too high. For the three wires tested the ratios between the 
observed and calculated values of We were: 








Diameter of wire — cm | Ratio : Observed — cal. 
0.0101 60 : 100 
0.0159 : 65 : 100 
0.0204 | 71: 100 
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These ratios do not perceptibly vary, while the velocity changes from 200 
to 1800 cm per sec, or the temperature difference changes from 50° to 300°, 
so that we may say that Russell’s formula gives the correct relationship between 
convection and both temperature and velocity. The reason that the calculated 
convection is too high is probably the fact that it was necessary to neglect the 
effect of viscosity in deriving the formula. As the diameter of the cylinder in- 
creases we would expect the formula to become more accurate. 

If we test out the formula by the data given in Table X on the forced con- 
vection from a 2-inch steam pipe we find: 











Convection | 
Wind velocity - Ratio 

| Observed | Calculated 

| - ; 
300 | 0.0031 | 0.00352 0.88 
126 | 0.0019 0.00228 0.84 
205 | 0.0026 0.00290 | 0.89 
168 | 0.0026 0.00263 | 0.99 





We find that the Russell formula gives quite accurate results on large cylin- 
ders. 
It is fairly safe to assume, therefore, that the formula 


W. = €(T,—T;) ji 


gives reasonably well the heat loss by convection from wires and cylinders in 
air at high velocities (300 cm per sec or more). Here ¢ is a number which de- 
pends on the diameter of the wire or cylinder, being about 7 or 8 for large cylin- 
ders, and about 5 or 6 for small wires (0.01 to 0.1 cm). 

For forced convection in air from a cylinder in the neighborhood of 100° 
above room temperature we have: 

c= 0.73 joules per g per °C 

d= 0.0010 g per cc. 

k = 0.00028 watts per cm per °C. 
Whence 

W. = 0.000255 ¢(T,;—T,)}Va watts per cm 


where ¢=a number from 5 to 8, varying with the diameter as described 
above. 


Effect of Temperature, Pressure and Nature of the Gas upon Convection 

An extensive series of experiments have been carried out to measure the 
free convection from horizontal platinum wires in large volumes of various 
gases (air, hydrogen, carbon dioxide). In the experiments in air the pressure 
was varied from 1.0 cm to atmospheric pressure, while the temperature of the 
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surrounding gas was maintained at each of the following temperatures: 25°C, 
250°C, 500°C, 600°C. At each pressure the temperature of the wire was varied 
from 100°C up to about 1400°C. In another experiment the convection from 
a hot platinum wire in air at a temperature of —185°C was measured. 

These results will probably be published in the near future, but the follow- 
ing preliminary statement may now be made: 

The thickness B of the plane film varies roughly inversely proportional to 
the density of the gas. Whether the changes in density are due to changes in 
temperature, or in pressure, or even to the substitution of a gas of different 
chemical composition, seems to have little effect on the validity of this rule. 


Summary and Conclusions 


1. The total energy loss from a heated surface in a gas consists of two parts, 
convection and radiation. 

2. If the emissivity of the surface is known the radiation can be calculated 
from the Stefan-Boltzman law. 


T, \' (7, \ 
Wa 5.90 ( | (Go) | watts per cm? (3) 


E is the emissivity of the surface, and varies for different surfaces from 0 to 1. 
For any one surface it is accurate enough for most purposes to consider it inde- 
pendent of the temperature. 








3. Free convection from a surface consists essentially in conduction -thru 
a film of gas of definite thickness, and can be calculated by the ordinary laws 
of heat conduction when the film thickness is known. 


4. The loss by convection is equal to the product of two factors, thus: 
W, = S(v.—%:) (9) 


S is the shape factor, and depends only on the shape of the body and on 

a quantity B, a constant for any given gas under given conditions of tempera- 

ture and pressure. B is equal to the thickness of the film of relatively stationary 

gas thru which conduction takes place in the case of convection from a plane 
T, 

surface. g2—9, is equal to f kdT where k is the heat conductivity of the gas. 


Ty, 

The heat conductivity can be readily calculated from the specific heat and 
viscosity of-the gas. Tables of g for air, nitrogen, hydrogen, carbon dioxide 
and mercury vapor are given. A curve of @ as a function of the temperature is 
given for air. 

5. The shape factor S has been calculated for the case of convection from 
planes, cylinders and spheres. 

In this way the following formulas for convection are derived: 
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For Plane Surfaces: 


W.= Py watts per sq. cm. (11) 


For Horizontal Cylinders of Diameter a: 
W. = S(v2—¢,) watts per cm (17) 
where S is found from the equation: 


a Ss -% 

R=n? (16) 
A table (Table III) of S as a function of a/B is given. If a curve is pre- 

pared from this data the value of S may be found in any particular case with 

great ease. 


For Spheres of Diameter a: 


W = S(¢2—¢,) watts (23) 
where S is found from the equation: 
1 “ne  2n 
:-V a =< GD 


In each of these cases the convection can be calculated if we know 9,—9, 
and B the film thickness for a plane surface. 

7. For air at atmospheric pressure and room temperature, experiments on 
wires of various sizes and on plane surfaces give B independent of the tempera- 
ture of the heated body. The experiments on wires gave 


B= 0.43 cm 
and the experiments on vertical plane disks gave 
B = 0.45 cm. 


8. From horizontal plane surfaces the convection from the upper surface 
is about 10 per cent greater than from a vertical surface, but from the lower 
surface about 50 per cent less than from the vertical surface. 

9. The emissivity of various surfaces was found to be in per cent: 


Black body ..............- 100 
Copper, oxidized .......... 72 
Copper, calorized .......... 26 
SU VER ioside becouse ae les 3 
Cast iron, bright .......... 22 
Cast iron, oxidized ........ 62 
Aluminum paint ........... 50 
Gold enamel .............. 37 
Monel metal, bright ....... 43 
Monel metal, oxidized ..... 43 
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The total losses from these surfaces at various temperatures up to 600°C 
are given in Table VI. In the curves of Fig. 4 are given plots of the total energy 
losses calculated by adding the radiation (from Stefan-Boltzman law) and con- 
vection (from (~3—9,)/B). 


10. Dulong and Petit’s law and Lorenz’s law for the relation between con- 
vection and temperature of the hot body hold very satisfactorily up to fairly 
high temperatures. At low temperatures these equations probably give the con- 
vection even more accurately than those calculated from the film theory, but 
at high temperatures the film theory gives much better results. Furthermore, 
the newer theory enables the effect of the shape and size of the body to be taken 
into account. 


11. For forced convection, that is, loss of heat in strong air currents, the 
film theory does not seem to apply. On the other hand, an equation derived 
by A. Russell seems to agree well with the experimental data available. 


12. For other gases than air, or for air at other temperatures or pressures, 
the value of B can be assumed to be inversely proportional to the density of 
the gas. This will give results usually accurate enough for the calculation 
of convection from small wires. 


Discussion 

Dr. W. LasH Miter: Before asking for discussion I should like to emphasize the great sim- 
plification that Dr. Langmuir has introduced by his assumption that around each surface there is 
a small volume of gas through which heat passes mainly by conduction. Those familiar with the 
theory of diffusion know that there is almost perfect analogy between heat conduction and diffu- 
sion; in this analogy Dr. Langmuir’s assumption of an adherent layer of gas corresponds to Noyes 
and Whitney’s theory of the liquid film. It would be difficult to name a paper published in the 
last fifteen years that has had more important practical consequences than that by Noyes and 
Whitney; and as Dr. Langmuir’s experimental work shows that his assumption is justified, we 
may well look forward to a similar rapid advance in the practical applications of the theory of 
conduction of heat. 

Dr. Cart Herinc: The discussion of that film is very interesting, but there is an analogy 
in the opposite case to the one discussed here, namely, when the body receives the heat. It is 
well known, and I have cited it before this Society, that you can paste a postage stamp on the 
fire side of a boiler tube and it will not char. This shows there is a film around the outside of the 
boiler tube in which the temperature gradient must be something enormous, that is to say, the 
resistance of it must be very great. 

I tried a very crude experiment one time, of pasting several postage stamps one over the other, 
and as nearly as I remember, when I got to the third or fourth thickness the outside one began 
to char, which was a very crude measurement of the thickness of that film. I think it was about 
1/100 of an inch, or something like that. 

The question of the loss of heat from a surface is quite important to furnace men, as it may be 
possible to make that surface resistance so high that the wall resistance may be made compar- 
atively small. In other words, it may not be necessary to put very thick walls around our furnaces 
if we can so treat the outside of a furnace that the chief resistance or insulation is in this film. 

_ That would mean very much smaller furnaces. 
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1 am very glad Mr. Langmuir took up that question of the old formula which I gave before 
this Society for cubical walls. I fully realized at the time that I stated it that it was not rigorous, 
but it is a little better than what we had before. 

‘The curves in Fig. 4 seem to indicate that at very high temperatures the loss of heat from 
surfaces, say of molten metals, is very different with different materials — I had rather supposed 
that at high temperatures it did not make much difference what the metals were, that they would 
all lose about the satne amount of heat per square foot of surface, but it seems from these curves 
that the loss will be very different, depending on what metal you are melting. 

Dr. W. R. Wuitney: I want to correct the impression which may have been given by Dr. 
Miller’s remarks that the work which Noyes and I did, to which he referred, had a bearing on 
the discoveries of Dr. Langmuir. This work of Dr. Langmuir’s is new and is what the Germans 
call bahn brechend. I have the greatest admiration and appreciation for this kind of work. 

Pror. Jos. W. RicHarps: I hope that our members will take these Jessons to heart, and try 
to diminish the heat losses in furnaces by varying the outside nature of the radiating surface. 
In a furnace proposition with which I was familiar some time ago I came to the conclusion that 
if they could so regulate their furnaces on the outside that they could keep them clean and light 
colored they would have a much smaller heat loss. Some are experimenting with the outside of 
furnaces, polishing, plating, or painting them in different ways, and I would call attention to 
the fact that as you thus diminish the heat loss from the outside, the outside surface temperature 
will go up, and the higher the outside surface temperature rises under these conditions the more 
heat you save. You will find that is correct. 

Dr. Cart Hertnc: I think that statement needs some modification, because if we imagine 
the furnace itself as made up of an infinitely thin shell, it will be the hottest, because it will be 
the temperature of the inside, and we all know that the charge will cool rapidly under those cir- 
cumstances. 

Pror. Jos. W. RicHarps: If the temperature of the outside is the same as the temperature 
of the inside there will be no loss of heat at all. 

Dr. Invinc Lanomuir: I think Dr. Hering overestimates the resistance of the air close to 
the surface of a hot body. Under ordinary conditions in quiet air the thickness of the film of rela- 
tively stationary air is about 4 or 5 mm — very much greater than the 1/100 in. which Dr. Hering 
concluded to be the thickness of the film from his experiments with the postage stamps. This 
not only follows from theoretical considerations, but has been found by actual measurements. 
We have explored the region around hot wires and heated surfaces by very fine platinum wires 
used as resistance thermometers. The temperature gradient is not limited to a very thin film, 
but actually extends out several millimeters from the surface. 

For different gases the film thickness varies greatly, roughly inversely proportional to the 
density of the gas. For hydrogen the film extends so far that we can practically say that the con- 
vection in hydrogen is negligible and that heat is carried only by conduction. 

There is not a great deal to be gained by silver plating the outside of a well built furnace. 
The surface resistance may be approximately doubled, but in any practical case the thermal re- 
sistance of the walls themselves will be many times greater than the surface resistance, so that 
by doubling the latter we will save only a relatively little of the total heat loss. 
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FLOW OF HEAT THRU FURNACE WALLS: 
THE SHAPE FACTOR* 


With E. Q. Apams and G. S. MEIKLE as co-authors 


Transactions of the American Electrochemical Society 
Vol. XXIV, 53 (1913). 


THE ORDINARY formula for the flow of heat thru plates or rods of solid ma- 
terials may be written: 


W= Aw T—T,) (1) 


where W = the heat flow, expressed in watts 
A = area of plate or cross-section of the rod 
t = thickness of the plate or length of the rod 
T—T, = the difference of temperature between the two sides of the plate 
or between the ends of the rod 
k = heat conductivity of the material of the plate or rod in watts per 
cm per degree. 


In most practical cases of heat flow the problem is more complicated than 
this. Usually the heat is not flowing between parallel surfaces, or at least the 
areas of the two bounding surfaces are different. In such cases the cross-section 
A of the path of the heat may vary widely in different parts of the path, and 
even the length of the path may vary between different parts of the surfaces. 
That is, both A and t may be complicated variables, so that the above formula 
loses its significance. 

For the case of the conductance of heat thru furnace walls, Mr. Carl Hering 
(Trans. Amer. Electrochem. Soc., 14, 215 (1908)) has clearly pointed out the 
serious errors that may be made by applying the above formula. He shows 
that the common practice of taking the average area of the inner and outer 
surfaces of the furnace walls and substituting this for A in equation (1) may 
lead to results which are so inaccurate as to be very misleading. 

Hering then gives formulas, obtained by E. F. Northrup, for calculating 
the conductances thru such elementary shapes as spherical shells, cylindrical 
shells and cubical shells. For walls of other shapes he shows how, for practical 


*This paper was presented at the Twenty-fourth General Meeting, at Denver, Boulder 
and Golden, Colorado, September 9-11, 1913. 


[94] 
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purposes, they may be reduced to one or more of these elementary shapes, 
and approximate solutions much better than those usually employed may be 
obtained. 

The formulas given by Hering for the spherical and cylindrical shells are 
rigorous, but the formula for the cubical shell (or frustrum of a pyramid), which 
he considers “‘rigidly correct,” is only approximate. 

Some time ago (August, 1911) one of us had occasion to calculate the heat 
that would flow out from a rectangular casting thru a uniform layer of insula- 
tion covering it. A rigorous solution of the problem is extremely difficult, but 
it is easy to obtain two methods, one which must give a result too high and the 
other a result too low, so that the true result is known to lie between them. 

The equations thus obtained have the advantage of very great simplicity, 
and by the experimental determination of a few constants they can be made 
more accurate than any hitherto given. Since such formulas are of importance 
in the design of electric heating devices and electric furnaces, it was decided 
to make the necessary experimental investigation. 

The present paper deals with the results of this theoretical and experimental 
investigation. 

Equation (1), as it stands, applies only to the flow of heat between parallel 
surfaces thru a body of uniform cross-section. For bodies of other shapes, 
A will vary along the path of heat flow. However, if the area of inflow and 
outflow are fixt, the ratio A/t will have a definite value, depending only on the 
shape of the body. This quantity we shall call the shape factor, and will repre- 
sent it by S. Our formula thus becomes: 

W = Sk(T—T,) (2) 
In case the heat conductivity is a function of the temperature, the equation 
should be written: 


W=S fkaT (3) 


The shape factor has the dimension of length, and hence if it is known for 
a body of any given shape it may be found for any geometrically similar body 
by multiplying by the ratio of corresponding linear dimensions. 


I. Theoretical Determination of the Shape Factor 


(1st Case) Parallel Plane Surfaces: In those cases where the isothermal sur- 
faces are a series of parallel planes and where the cross-section of the heat path 
is constant thruout the length of the path, the shape factor is: 

s=4 (4) 
This formula applies to the conduction thru thin slabs or plates of uniform 
thickness, and also to the conduction thru rods of uniform cross-section, pro- 
vided the heat loss from the lateral surface of the rod may be neglected. 
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(2nd Case) Concentric Cylinders: Let us consider the case of a circular cylin- 
der of length / and diameter a, covered with a uniform layer of insulation, of 
thickness t. Let b be the diameter of the outside surface of the insulation, so 
that b—a = 2t. Then if the cylinder is so long that the heat loss from the ends 
may be neglected, it can readily be shown that the shape factor of the insulation 
is: 


S= 3 (5) 


For infinitely long cylinders this formula is rigorous. 


(3rd Case) Concentric Spheres: Where we have a sphere of diameter a cov- 
ered with a uniform thickness ¢ of insulation, then it can be readily shown 
that the shape factor for the insulation is: . 

_ 2m 2mab_xab__—yAB 
a FE Say = Aaa aa (6) 


a b 
Here 5 is the diameter of the sphere outside the insulation; that is, 6 = a+ 2t. 
The surfaces of the inner and outer spheres are represented by A and B. 
These formulas also are rigorous. 
(4th Case) Rectangular Prisms: Let us consider the case where the inside 
of a furnace is rectangular and where the walls are built of brick and are of 
uniform thickness. If the thickness of the walls is very small compared to the 














Fic. 1. Fic. 2. 


dimension of the furnaces, then the area of the inside and outside surfaces of 
the wall will differ relatively little, so that no great error will be made if the 
shape factor be taken to be A/t, where A is the average of the inside and outside 
areas and ¢ is the thickness of the walls. Where the thickness of the walls is 
relatively great, this method (as Hering has shown) leads to serious error. 
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The simplest case of this kind is that of a furnace in which the hot zone is 
in the shape of an infinitely long square prism. The cross-section of such a fur- 
nace is represented in Fig. 1. We can simplify the handling of this case by con- 
sidering only that part included between PO and RO. The shape factor for 
the whole insulation will then be eight times that for this part. 

In Fig. 2 POR represents the sector we are considering. The surface QS is 
part of the inside of the furnace, and the heat is conducted thru the insulation 
to the surface PR. 


First Method. — Determination of an upper limit for the shape factor. The 
method commonly employed in handling a problem of this sort is to consider 
the cross-section of the heat path to vary 
according to some function of the distance .——— 
along the path. For example, if we take 
the case of heat flowing along a wire of 
variable diameter, Fig. 3, we would proceed 
as follows: 

Let A be the area of cross-section at 
a distance x from the end. Then if we apply equation (1) to an element of 
length, we would have: i 


x— “ 


Fic. 3. 


A 


W= qe Rat (7) 
whence, since W is the same thruout the length of the wire, 
dx 
Ww if a if hdT (8) 
or 
1 
W= jz { kdT (9) 
A 


By comparing this with (3), we see that the shape factor S for a rod of variable 
cross-section is: 


1 } 
S= fe (10) 
a 
Similarly, it can be shown that the shape factor for a plate of variable thickness 
is given by: 
<= fit “ 


Let us now apply this method to the case represented by Figs. 1 and 2. 
Here the area of cross-section varies from al to bl, where | = the length of the 


7 Langmuir Memorial Volumes IT 
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prism, 6 = PR= PO and a= QS = QO. Applying equation (10) to this 


case, we have 





s=---—4 (12) 
f dx log — 
lke 
For the whole prism the shape factor would be: 
S= =. (13) 
log 


It is evident, however, that this formula is only a rough approximation, 
for in its derivation it has been tacitly assumed that the surfaces TU are isother- 
mal surfaces. 

As a matter of fact, the true isothermal surfaces would curve over the edge 
about as indicated in Fig. 4. The case that we have actually considered could 
be realized in practice if we could embed in the insulating material a series 
of infinitely thin but perfectly conducting sheets of metal parallel to the sur- 
face PR as indicated in Fig. 5. Because of the heat conducted along these 
sheets, they would become isothermal surfaces. It is evident that any such 
placing of conducting sheets in an insulating material 
will tend to lower its thermal resistance, which is 
equivalent to increasing the shape factor. Therefore, 
the above method gives us a value for the shape factor 
which is necessarily too high. Equation (13) gives us, 
therefore, an upper limit for the shape factor. 

If we can now find a method of determining a 
lower limit for the shape factor, we can estimate 
the magnitude of the error likely to be made by 
applying this equation. 

In our previous method we made assumptions 
equivalent to compelling the heat to flow in a way 
amenable to calculation by interposing conducting 
surfaces across its path. An analogous result might be obtained by compelling 
the heat to flow in the desired manner by confining it- between surfaces which 
we imagine to be perfect heat insulators. The interposition of such surfaces, 
of course, will lead to resistance higher than the actual ones, equivalent to 
shape factors less than the true ones. 

The actual path of the heat as represented by the flow lines must be every- 
where perpendicular to the isothermal surfaces. Such curves are drawn in 
Fig. 4. It is evident by inspection of this figure that the density of the heat 
flux must be greatest near the edge of the inner prism, and least near the edge 





Fic. 4. Flow lines and 
isothermal lines near a 
square edge. 
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of the outer one. In the previous method of calculation the heat flux density 
near the edges was assumed to be the same as that over the rest of the surface. 

An assumption which gives a series of flow lines approximating closely 
to the actual ones as represented in Fig. 4, and which makes use of perfectly 
insulating surfaces instead of conducting ones, is as follows: 





fes----- 
XN 

Sere Pee 
XN 


Fic. 5. Fic. 6. 


Second Method. — Determination of a lower limit for the shape factor. 
Let us place a perfectly insulating plane PO (Fig. 6) perpendicular to PR and 
parallel to the axis of the prism. Let x be the distance from the edge S to the 
intersection of the plane PO with the inner prism QS. Then to the left of PO 
the isothermal planes will be parallel, and for this part of the insulation the shape 
factor will be A/t. To the right of PO we will imagine an infinite number of 
insulating planes passing thru O and constraining the heat to flow radially 
outward from O. Let us consider a plane TO making an angle @ with PO. 
A third plane, T’O, makes an angle d@ with TO. Then for the shape factor of 
the element included between TO and T’O we have from (10), since TO: 
UO ::x%+t :x, 











1 1d6 
isa 2 -_ (14) 
f dr log, —:— 
J Ird6 
whence for the whole sector POR, 
1/4 nl 
=— 15 
Ss et (15) 
OB ess 
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If we take x = 1/2 a, and x+t = 1/2 b, then we have for the whole prism: 


Se 2nl 





; (16) 
log. 


As we have seen, the shape factor obtained by this method must be too 
small. As a matter of fact, we find by comparing equations (13) and (16) that 
they differ only in the value of the coefficients. Equation (13), which is sup- 
posed to give the upper limit, has a coefficient 8, while (16), which gives the 
lower limit, has for a coefficient 27 or 6.283. The former is about 27 per cent 
greater than the latter. Fortunately, however, we can go a step further and 
narrow down these limits. 

Equation (15) applies to the shape factor of the sector POR, Fig. 6. For 
the portion to the left of PO we obtain the shape factor by the equation 
S= Alt. 

On the other hand, we may apply this equation to the whole surface and 
then add a correction term for the effect of the edge. The shape factor S for 
the sector POR exceeds the shape factor for PVSQ by the amount: 


1/4nl xl 





S= (17) 
log. 2t tt 
Let us place t/x = p, 
then 
Ss’ 1/4x 1 
pis Lideig ep 18 
T= Tog.(i+9) — B om 


From the assumption made in deriving (15), we know that the value of S’ 
from (18) must always be too small, no matter what value we may choose for x 
(and hence for p). The value of S’ closest to the true value will be that which 
is the greatest. We can obtain such a value by finding the maximum value 
of S’ as p diminishes from oo to 2t/a. To obtain this, we differentiate (18) 
with respect to p and place the result equal to zero. 





s 
77) 
1 yn 1 
= 4 —-=0 19 
dp ~ (UF pyMloa ta * 9 o 
This reduces to: 

Tel mp 
log, (+p) = mm) 

Vite 

By solving this equation by a series of approximations, we obtain: 

p= 4.61 or x = 0.2178 (21) 
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Substituting this in (18): 
S’ = 0.2385 1 


This gives the amount by which the shape factor exceeds the value it would 
have if there were a perfectly insulating plane at VS. For the effect of the whole 
square edge, we must double this, and so obtain 


S, = 0.4771 (22) 


We can now calculate the shape factor for the whole prism by the very simple 
formula: 


S= 4 +0.47751 (23) 


Here A is the total area of the inner prism, t is the thickness of the insula- 
tion, and 2/ is the sum of the lengths of the edges of the prism. It must be 
remembered that in calculating the maximum value of S’ in (17), we can vary 
x only from 0 up to 1/2 a. If, therefore, 0.217 t (see 21) is greater than 1/2 a, 
that is, if the thickness of the insulation is more than 2.3 times as great as the 
side of the inner prism, then equations (22) and (23) do not apply, but equa- 
tion (16) should be used. This case, however, rarely occurs in practice, for it 
implies a furnace with outside dimensions more than 5.6 times the inside di- 
mensions. 

From its method of derivation we know that, except with furnaces of excep- 
tionally thick insulation, equation (23) will be much more accurate than the 
more complicated equation (16). The true value of the shape factor must, 
however, be greater than that given by (23), but less than that given by (13). 

The method of deriving equation (21) has shown us that the effect of an 
edge in disturbing the flow lines extends back only a relatively short distance 
from the edge. Thus with a layer of insulation one inch thick, the flow lines 
(see Fig. 4) only 0.22 inch back from the edge of the inner prism are already 
practically perpendicular to the surfaces of the prisms. For this reascn an 
equation of the form of (27) is certainly much more accurate than one of the 
form of (13) in all cases where the thickness of the insulation is not more than 
twice the distance between two edges of the inner prism. This equation (23), 
besides having the advantages of accuracy and simplicity, is more generally 
applicable, since it applies to rectangular prisms of all shapes (with the above 
limitations of thickness of insulation). 

As above mentioned, the coefficient 0.477 must be too low. The true value, 
however, can be determined by experiment. In the experimental part of this 
paper the results of such a determination are given. 


(5th Case) Cubes: Let us apply the two methods we have used for the prism 
to the case of the cube. In this way we will obtain an upper and a lower limit 
for the shape factor. 
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We will consider the case of a cube (with side a) covered with a uniform 
thickness, t, of insulation, so that the outside surface of the insulation is also 
a cube (of side b). Let A and B be the total surfaces of the inner and outer 
cubes, thus: 


A= 6a* and B= 6b? 


First Method. Upper Limit for S: We assume that the isothermal surfaces 
are parallel to the faces of the cubes, and by a method similar to that used for 
the prism and sphere we obtain: 


s 12 12ab 6ab_ = AB 

1 1° b—a t t 
a ob 

The close similarity of these equations with those for sphere (equation 6) will 

be seen at once. 

















(24) 


Second Method. Lower Limit for S: We assume that the heat is constrained 
to flow radially outward from the inner to the outer cube. The calculation 
in this case is much more complex than for the case of the prism, and will 
therefore not be gone into here. The result is: 


7.68 _ 7.68ab _ 3.84ab ——02.64)/AB 
1 1° ba an 


a b 








S= (25) 


The assumption that the flow takes place radially from the center of the 
cube is rather far from the truth, and it is therefore probable that this result 
is considerably too low. 


Third Method: In the case of the prism the second method gave us a result 
(equation 16) which was identical with that found for cylinders (equation 5) 
of equal areas. 

We might therefore obtain a lower limit for the shape factor of coaxial 
prisms by applying equation (5) to two coaxial cylinders of the same area as 
the prisms. In a similar way, for the shape factor of cubes, we may replace the 
cubes by spheres having the same areas, and then apply equation (6). This 
leads to the result: 











2) 6x ~— ab /x AB VAB 
Sap ee EV AB _ oral (26) 
a ob 


This result is higher than that (25) obtained on the assumption of radial 
flow. We believe, however, that this result, like that obtained for the prism 
by this method, is to be considered as a lower limit, altho we have not been 
able to find rigorous mathematical proof that such is the case. 
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The experiments, however, described in the experimental part of this 
paper have shown that the true shape factor for even very small cubes in large 
ones is greater than that given by equation (26). 

In the rest of this paper we shall therefore look upon the results obtained 
by substituting spheres or cylinders of equal area as being a lower limit for the 
shape factor. ; 

In the case that the thickness, t, of the insulation is not very large com- 
pared to the dimensions of the inner cube, we know that the effect of the edges 
and corners will not extend very far, so that over the larger part of the faces 
the isothermal lines will be parallel. Just as in the case of the prisms we may 
divide the surface up into parts. We thus calculated the shape factor by the 
formula: 


S=F 


and then apply as in the case of the prisms a correction for the effect of the 
edges of the form: 


0.477 ZI 


Finally we need to apply another correction for the corners (intersection of 
three edges). We can calculate the term giving the effect of the corners as 
follows: 

Consider a small cube (of side X) at one of the corners of the inner cube. 
From the inner corner of the small cube extend the planes which form the 
faces of the small cube outward until they intersect the faces of the larger 
outer cube. This forms a new cube with side X+¢t in the corner of the large 
cube. We will now calculate the shape factor between the small cube (side 
X) and the cube with side X++t. 


Since only three of the faces of these cubes transmit heat, we have by (26): 


Ss = 0.724! 





2.172 





(27) 





‘AB X(X+1) 
t t 
The shape factor for the faces of the small cube is by (4): 


3x? 
st 





S 


And for the edges: 
S = 0.477x3 X = 1.431 X 


The correction for the corner is therefore: 


X(X+t) 3X? x? 
t t 


S. = 2.172 (28) 





1.431 X = 0.741 X —0.828 a 
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The maximum value of this will be closest to the true value, and the con- 
dition for the maximum is: 
dS, _ X_ 
ax 0.741 — 1.656 =0 (29) 
Whence: 
= = 0.448 (30) 
Substituting this in (28): 
S, = 0.166 t (31) 


From equation (30) we see that the maximum value for S is obtained if 
we assume that the divergence of the heat paths caused by the presence of 
a corner does not extend to more than 0.45 t back from the corner of the inner 
cube. In all cases where the distance between two adjacent corners is more 
than 0.9 t, we can apply (31) for the effect of the corner. 

Similarly, we may apply this equation equally well for any rectangular 
shaped bodies covered with a uniform thickness of insulation, provided the 
distance between two adjacent corners is 
not less than 0.9 of the thickness of the 
insulation. 

The following formula gives a lower limit 
for the shape factor of any rectangular- 
shaped body covered with a uniform thick- 
ness, t, of insulation: 


S= 4°40.477 £1+0.166nt (32) 


Here A is the total area of the body. 2/ is the 
sum of the lengths of all its edges, and n is 
the number of corners: 

(6th Case) Rectangular Plates: We have 
seen in the case of the prism that we 
must apply different formulas according as the thickness of the insulation 
is more than or less than 2.3 times the side of the prism. This is due to the 
mutual effect of the edges. Similarly we have different formulas for cubes 
according to the thickness of the insulation. 





Fic. 7. 


In the case of a thin rectangular plate, the edges and corners occur in pairs, 
the distance between adjacent edges being much smaller than the thickness 
of the insulation, but the distance across the plate may be much greater than 
the thickness of the insulation. We have then to consider the “plane edge” 
and the “plane corner.” 
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Plane Edge. — We will define the plane edge as the straight line bounding 
a plane surface. Adopting a method similar to that used in the case of the cube, 
we replace a strip of the plane on each side of the edge by a half cylinder of 
the same area. Similarly, we replace the corresponding part of the outer surface 
of the insulation (Fig. 7) by an equivalent half cylinder. We thus obtain from 
(5) by similar methods to those used previously, the following expression for 
the effect of the plane edge: 


S= us ae (33) 


log, (1+) ‘ 





The condition for the maximum is: 
dS 


y= 
‘(x) 
Carrying out the indicated operating and solving the resulting equation, we 


obtain: 
X=044t 


Substituting this in (33), we obtain: 
S, = 0.9521 
The coefficient here is almost exactly double that for the plane edge (see 22), 
so that the effect of the plane edge is practically the same as that of two edges. 


Plane Corner. —In an entirely similar manner, but by the substitution of 
equivalent quadrants of spheres instead of substituting half cylinders, we 
find for this: 


X = 0.49t (34) 
and for the effect of the plane corner: 


S=0.151t (35) 


II. Experimental Determination of the Shape Factor 


The theoretical coefficients obtained for the effects of edges, corners, etc., 
are usually lower limits. To determine the true value of the coefficients, recourse 
was had to experiment. It was also desired to develop a method by which the 
shape factor for bodies of any shape whatever could be determined by experi- 
ments on small models. 

There are several methods which might be used to determine the shape 
factor, but the most convenient seemed to be the measurement of the electrical 
resistance of an electrolyte placed between bodies of the desired shape. 
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For this purpose various shapes were constructed of glass and copper plates 
fastened together at their edges by Khotinsky cement. The electrolyte finally 
adopted was a saturated solution of copper sulfate containing 0.5 per cent 
by volume of sulfuric acid. 

A standard decimeter cube with two opposite sides of copper was used 
as a standard resistance. 

The shape to be tested and the standard cube were filled with the same 
electrolyte and placed in series, so that the same constant current of 0.5 ampere 
flowed thru them both. By a specially devised commutating switch with mer- 
cury contacts, the current thru both shapes could be reversed at will and they 
could alternately be connected to a voltmeter which read the potential be- 
tween the plates. Since the shape factor for the decimeter cube was known, 
that for the shape under test was found by direct proportion. 

The shapes chosen for test represented elementary parts of cubes, prisms, 
cylinders, planes, etc. In each case, by varying the depth of the electrolyte 
in the cell, the effect of the proximity of edges and corners could be tested. 

Care was taken to avoid errors due to polarization of the cell, and this proved 
to be easy of accomplishment. Another effect, however, described by 
J. S. Sand and Thom. Black (Zeit. Phys. Chem. 70, 496 (1910)) as “Ubergangs- 
wiederstand,” was very much more troublesome, and limited the accuracy 
of the results to about 1 to 3 per cent. This effect is an apparent polarization, 
which is independent of the current density and which, unlike ordinary polar- 
ization, reverses instantly on reversing the current. It amounted usually to 
about 0.05 volt. 

Another difficulty was that caused by the meniscus at the surface of the 
electrolyte. The shapes employed were, however, large enough (usually 10 
to 25 cm) so that errors due to this source were not serious. 

An idea of the kind of shapes used and the data obtained may be had from 
Fig. 8. The small sketch gives the dimensions of the vessel used. The points 
give the experimentally determined shape factor in decimeters for various 
depths of electrolyte measured from the lower edge of the ‘‘inner’’ surface. 
The straight line PT is drawn as an asymptote to the experimental curve. 
The point of intersection of this line with the Y axis gives us the shape factor 
for half a square edge. Since the length of the edge is two decimeters we thus 
find for the shape factor of the whole edge: 


S = 0.541 (36) 
Our theoretical calculations had previously given us for the lower limit: 
S = 0.4771 (22) 


Correcting equation (23) by using the coefficient of (36), we have for the 
shape factor of a prism: 


S= 4 40.5421 (37) 
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Applying this to the shape used in the experiment, we have t = 1.01 dm, 
21 = 2.0 dm, A = 2X, whence, remembering we have only half a square 
edge: 

S = 1.98X+ 0.54 (38) 
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Fic. 8. Shape factor of a square edge. 











If we compare this with the experimentally observed points, we find that 
it accurately represents the equation of the asymptote PT. We sce that the 
difference between the straight line PT and the experimental points is very 
slight for values of X greater than 0.3 t. Even at X = 0.217 t (the point repre- 
sented by R) (see 21), the shape factor by (37) is only 5 per cent too high. On 
the other hand, the value given by (22) for this value of X is 5 per cent too low. 
According to our previous calculations for values of X less than 0.217 t, we 
should employ equation (16) in place of (23).- That is, we should find for the 
shape factor in this experiment: 


Yierl 1.57 
Xe = 1 X10 


The curve URO (Fig. 8) is calculated from this equation. From our method 
of calculation we must consider this curve to give a lower limit. We see, in 
fact, that it gives values slightly too low, but below X = 0.217? the agree- 
ment is excellent. The slight divergence at very low values of X is caused by 
the effect of the meniscus. 

The line RS is drawn from the equation (22), and it will be seen that this 
line, together with RO, actually forms a lower limit for the shape factor. 


Ss 





decimeters. (39) 
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In a similar way the shape factors for various other cases were determined. 
The following shapes were studied experimentally: 
Square edge 
Square corner 
Plane edge 
Plane corner 
Small square prism 
The results obtained in this way will be given in the Summary. 


Summary 


1. The steady flow of heat thru solid bodies of any shape may be calculated 
from the formula: 


W=S fkaT (3) 


where W = watts of heat flow 


SS = shape factor, a quantity of the dimension of a length which de- 
pends only on the shape and size of the body and the position 
of the surfaces by which the heat enters and leaves the body 

k = the heat conductivity of the body in watts per cm per degree. 
If k is independent of the temperature, the integral becomes 
simply k (T—T,), and we have W = Sk (T—T,). 

2. Only in three simple cases, planes, cylinders and spheres, can S be de- 
termined rigorously by calculation. In other cases certain simplifying assump- 
tions must be made, so that the results are of limited accuracy. 

3. There are three types of assumptions that are useful in calculating the 
shape factor: 

A. Assuming some given shape for the isothermal surfaces. This is equiv- 
alent to placing in the body perfectly conducting but infinitely thin surfaces. 
The shape factor calculated in this way is, of course, too high, and must be 
considered an upper limit. Many different assumptions may be made regarding 
the shape of the isothermal surfaces, and since the results will always be too 
high, that assumption is the best which gives the lowest result. 

B. Assuming some given shape for the heat flow lines. This is equivalent 
to compelling the heat to flow in a given way by interposing infinitely thin 
surfaces of perfect heat insulating material. The shape factorg calculated this 
way will be too low, and the best assumption is that which gives the highest 
value. 

By applying both methods A and B, we can usually show that the shape 
factor must lie between quite narrow limits. 

C. Very good approximate results may often be obtained by imagining 
parts of the surfaces of inflow and outflow of heat to be replaced by spheres 
or cylinders of equal area. 
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4. Experimentally the shape factor may be very conveniently determined 
for bodies of any shape by constructing small models of copper and glass and 
determining the electrical resistance of a saturated copper sulfate solution 
placed in them. 

5. The values of the shape factors of heat insulation placed on bodies of 
various shapes have been determined both theoretically and experimentally. 
The results are given in the following table: 


Shape Factors for Various Elementary Shapes 
Parallel Planes: S = A/t where A is the area of the planes and ¢ the distance 
between them. This applies rigorously when the planes are infinite in extent. 
Concentric Cylinders: 
Sehr (5) 
Of OB 
where / is the length of the cylinders, b the diameter of the outer cylinder and 


a the diameter of the inner one. This formula is rigorous for infinitely long 
cylinders. 


Concentric Spheres: 


_ _2n tab _ AB 
as We i aa ag " 


a 5b 


where b is the diameter of the outer, a the diameter of the inner sphere, B the 
surface of the outer and A the surface of the inner sphere, ¢ the thickness of 
the insulation, t.e., 1/2 (b—a). This formula is rigorous. 








Square Edge: The shape factor is calculated for the inner surface up to 
the edge by the formula S = A/t, where A is the surface inside the insulation 
and ¢ the thickness of the insulation. To this is added 0.54 21, where 21 is 
the sum of the lengths of all the square edges. The result is the shape factor 
for the whole insulation. The above factor 0.54 was experimentally determined. 
The theory gave 0.477 as a lower limit. 


Square Corner: To the shape factor of the plane faces (inside the insulation) 
and the square edges add that of the square corners, which is equal to 0.15 nt. 
Here n is the number of corners and t is the thickness of the insulation. 


Plane Edge: Where two square edges are so close together that their distance 
apart is less than one-fifth of t, the thickness of the insulation, then the shape 
factor is found by adding to the shape factor of the faces that of the “plane 
edge,” which is equal to 0.93 XJ. Here Z/ is the total length of the plane edges. 
This factor 0.93 was determined experimentally. The calculated value was 0.95. 
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Plane Corner: To the shape factor of the plane faces (inside the insulation) 
and plane edges add that of the plane corners, which is 0.087 nt. Here n is 
the number of such corners and t is the thickness of the insulation. The factor 
0.087 was experimentally determined. Calculation gave 0.15. 


Small Square Rod: Where all the dimensions except the length are less 
than one-fifth the thickness of the insulation, then the shape factor is obtained 
from the formula: 


gs S4l _ 2.781 





(40) 





log.” log 6 


where b/a gives the ratio of the surfaces of the outer and inner prism. The 
coefficient 2.78 was experimentally determined. Calculation shows that the 
coefficient must lie between 2.73 and 3.47. 

Small Cube: Where all the dimensions of a rectangular parallelopiped are 
less than one-fifth of the thickness of the insulation, the shape factor should 
be calculated from: 

S = 0.79 yap (41) 
where A and B are the surfaces of the inner and outer boundaries of the insula- 
tion and ¢ is the thickness of the insulation. The coefficient 0.79 was found 
by experiment. Calculation gives 0.724. 

Rectangular Parallelopipeds Covered with Uniform Thickness of Insulation: 
The following formulas apply to all those cases where the furnace is of rectan- 
gular shape with uniform wall thickness: 

Ist Case. All three dimensions are greater than 1/5 t. For this case the shape 
factor can be calculated simply: 


S= = +0.542/4 1.2t (42) 


2nd Case. Two dimensions greater than 1/5 t and one dimension less than 
1/5 t. We then have: 


S= A +.0.465 514-0.351 (43) 
3rd Case. One dimension greater than 1/5 t and two dimensions less than 


1/5 t. We have: 
_ 2.781 (40) 


log é 


as explained under the heading ‘Small Square Prism.” 
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4th Case. All three dimensions less than 1/5 t: 


S=0.79 14" (41) 


as explained under the heading ‘‘Small Cube.” 
General Formula for the Cube.— For the cube a single formula can be made 
to cover all four of the above cases: 


1.2t 


140.16 164 


where a is the length of the side of the cube and t is the thickness of the insula- 
tion covering it. 

6. Any actual problem may usually be solved by considering the insulation 
made up of various parts for each of which the shape factor is given in the 
table. An actual problem will illustrate. 

Given a rectangular electrically heated oven, with inside dimensions 8 x 
10x20 inches. The walls are of a uniform thickness of 8 inches. This makes 
the outside dimensions 24x 26x36. The shape factor is calculated from the 
formula: 





S= a +6. 5a+ (44) 


S=A 405421401508 (45) 


Here A is the area of the inside of the wall of the oven. This is 880 sq. in., 
thus: 
2x 8x10 = 160 
+2x 10x20 = 400 
+2x20x 8 = 320 
The thickness of insulation is 8 inches. Hence, A/t = 110. The sum of the 
lengths of the edges Z/ is 152 inches, thus: 


4x 8 = 32 
+4x10 = 40 
+4x20 = 80 


"152x 0.54 = 82 


The third term 0.15 nt is 9.6, whence the shape factor is the sum of the 
three terms: 
110 
82 
9.6 
201.6 
It is interesting to compare this result with that obtained by the usual 
methods. 
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The most common method is to calculate the shape factor from the for- 
mula S = A/t, where A is the arithmetical mean of the inner and outer sur- 
faces of the oven. The outer surface is 4848 square inches. This would give 
for the shape factor: 

S= 808+ 4848 
~ 2x8 


This is very different from the 201.6 obtained by our new method, and well 
illustrates the serious error that may be made by using the ordinary rough 
method. 

If the geometric mean be employed instead of the arithmetic, the result is: 


_ ¥ 808 x 4848 
= i 


This is much better than 353, but is still quite different from 201.6, being 
23 per cent too high. é 


= 353.5 





Ss = 247.4 


Discussion 


E. F. Norturup (Communicated): In reading this paper one is impressed with the scholarly 
creatment the writers have given a complex but scientifically and commercially important subject. 
The flow of heat is often difficult of calculation, and always difficult of precise measurement. 
The presentation given in this paper has greatly smoothed out the first of these difficulties. It 
is clear, logical and understandable, and the formulae given by the writers can, with their sup- 
Positions, be applied to concrete cases without difficulty. 

The writers have contributed so much new material and have so clearly revealed their strong 
grasp of the subject that one is led (human nature being as it is) into regrets that they have not 
done more. The experimentalist, especially, wishes that they had given a full theoretical treatment 
and numerical calculations of at least one concrete case of moderate complexity, of actual heat 
flow. One would like to see the formulae for the flow of heat outward thru the walls of a hollow 
tube applied to such a cube built of fire brick and one built of metal and then have these calcula- 
tions (which would serve as a guide to those less skilled in the making of calculations) compared 
with results experimentally obtained from actual constructions. I believe this additional effort of 
the writers would have added much to our understanding of the full usefulness of the formulae and 
that new information of great value would have been obtained. The Society, however, owes its 
indebtedness to the writers for the two dozen pages of sound theory which has been developed 
and which henceforth must form the starting point in any practical calculations or scientific 
tests in the difficult subject of heat flow. 

The object in determining the function designated the ‘‘shape factor” is, evidently, in the minds 
of the writers, to permit the making of more accurate calculations of the flow of heat thru fur- 
nace walls. In fact, the first part of the title of the paper is ‘‘Flow of Heat Thru Furnace Walls.” 
The writers ignore, however, any application of the general equation, when including a shape 
factor of determined form, to a calculation of heat flow. 

The entire paper is concerned only with the determination of this function for such impor- 
tant geometrical shapes as parallel planes, concentric cylinders, concentric spheres, rectangular 
parallelopipeds and the cube. The reader is left with the impression that if the values of the shape 
factor S, summarized on pages 108-109, are substituted in the general equation (2), page 95, that 
the heat flow from an actual furnace can be calculated to a high precision. The writers fail to 
point out the relative importance of the shape factor and other factors which must be known, 
or guessed, when the true rate of loss of heat from an actual furnace is to be calculated. It is easy 
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to show that in very many cases there are other factors, as surface resistances, variable and 
uncertain conductivities, departures from the state of temperature equilibrium, heat losses by the 
outflow of hot gases, etc., which have such large relative importance that it is immaterial that the 
shape factor be known to a precision as close to the true value as 23 per cent. (Example, pages 
111 and 112.) 

If equation (2), page 95, is solved for the conductivity k it is observed that, as the quanti- 
ties W and T are quantities which it is possible to measure with accuracy, the value of k becomes 
known if S is known. The determinations which the authors have made of the values which the 
shape factor takes for various geometrical forms cannot fail, therefore, to be of value in the im- 
portant problem of experimentally determining thermal conductivities of heat insulators. 

But here, again, other factors are involved which have large relative importance, and the 
writer has been induced by a study of this excellent paper under discussion to offer a brief sep- 
arate contribution at this meeting which treats the question of measuring conductivities and the 
factors which must be considered to obtain results of value. 

The following formulae are sometimes useful when it is required to determine the temper- 
ature of any point in the insulation, the temperature of two other points being known. 


First, case of Parallel Planes: 








Fic. 1. 


Assume that heat is flowing in the direction of the arrow (Fig. 1) between the parallel planes A 
and B, and that the temperatures f, at a point distant a from plane A and ty distant 6 from plane 
A are known. Then the temperature f, at a point x distant x from plane A is: 


ty—ta) + tab—t, 
i= x( batt’ ~tya (ty 


If a is taken at the plane A, equation (1) reduces to: 
x 
= b (to—ta) +ta- 


Second, case of Concentric Spheres: 

Assume that heat flows radially from the surface of the inner spherical surface A to the outer 
spherical surface B. (Fig. 2.) 

Assume that the insulating material has a constant conductivity k or resistivity 9 = 1/k. 

Assume that at the time the temperatures are taken, equilibrium temperatures have been 
attained. 

The problem is to determine the temperature ft, at radial distance r, from center O, when 
the temperature ¢, at radial distance r, and the temperature ¢t, at radial distance r; are known. 

The flow of heat along any cone as O f g is: 


(2) 
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where R, is the thermal resistance along the cone from surface a to surface b. Similarly for the 
same cone between the surfaces 6 and c, 














(3) 
where R, is the thermal resistance from surface b to surface c. 
Now, 
R,="—2k and R= "tk, 
hh: T's 
where k is a constant. 
Fic. 2. Fic. 3. 
Equating equations (2) and (3) and substituting the values of R, and R, we obtain: 
pe tyr, (rs—13) +t, 7,(72—1,) (4) 


n(rs—n1) 


Third, case of Concentric Cylinders: 

The formula to be given is rigid if the cylinders are of infinite length and the thermal con- 
ductivity is strictly constant. 

In Fig. 3 is shown a sector of a hollow cylinder having the inner surface A and the outer sur- 
face B. 


The temperature ¢, at radial distance r, and the temperature ¢, at radial distance r, from the 
axis O are given, and it is required to find the temperature ft, at the radial distance r,. Then, by 
reasoning similar to that employed in the second case, we have: 


qT; qT; 
t, logo ; +t, logye—* 
jeep ee (5) 


r, YT; 
logy) — +log,. — 
B10 a 2 


Equations (4) and (5) were deduced to solve practical cases which arose in connection with 
the writer’s research work. 
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As an example of the use of equation (5), take the following case, which applies to a tubular 
furnace constructed and used by the writer: 

7, = 1.5 inches t, = 1420°C. 

r,=3 ” ts 200°C. 

ry3=7 ee 7 


logic 3 0.3674 


3 
logie iss 0.301 


Then the temperature at any point 3 inches from the axis is: 


1420 x 0.3674+ 200 x 0.301 
aS 0.3674+0.301 





870.57°C. 





J. W. RicHarps: I wish to make a few remarks about the method which Dr. Langmuir has 
used to measure thermal resistance by means of electric resistance. The fundamental assump- 
tion of condition of these electric measurements is, as it strikes me, first, that the two plates are 
practically at the same potential all over, that is, that they have equi-potential surfaces. But in 
the case of radiation from a furnace with a shape that is anything but a sphere you do not have 
an equi-thermal surface on the outside, so the analogy does not strike me as exact enough for the 
inferences which are drawn from it by the authors. When heat is passing from the inside of a cube 
to the outside, we know by experience that the center of the faces of the cube are hotter than 
the center of the edges, and the center of the edges are hotter than the corners. So you have 
a variation of temperature over the surface and any side of the cube is hottest in the middle and 
coolest at the corners. Now, that condition you do not have when you make the electric experi- 
ment of taking the two plates and passing a current across and measuring the resistance between 
them, because each of the two plates has practically — I won't say theoretically, but practically — 
the same potential at all parts of the surface. Therefore, you have a condition which corresponds, 
I think, to the first assumption of Dr. Langmuir that the surfaces ot the cube are equi-potential 
surfaces. His first assumption is on the theory that they are equi-potential; and, when vou make 
the electrical measurements, you are measuring the difference between equi-potential surfaces, 
so that his measurements should agree more fully with the first assumption. He gives the infer- 
ence that his measurements come in between these two extremes, but I think they should dupli- 
cate the first assumption that the surfaces measured are equi-potential surfaces. Therefore, when 
he says at the close of his paper that while the arithmetic mean for the surfaces of the cube is 353 
and the geometric mean 247, and that the geometric mean is 23 percent higher than 201, calcu- 
lated from his formula, I think the statement that the geometric mean 247 is 23 per cent too high 
is putting too much value on his experimental data, and it may be that his experimental data are 
23 per cent too low. I should like very much to see Dr. Langmuir take Prof. Northrup’s advice 
and construct some of these shapes out of one given material and actually measure the heat flow 
in order to check his results. I do not think there is much reliance to be placed on them until they 
have such a trial. 

F. A. Lipsury: I do not quite understand the point of your criticism. Is it that an isothermal 
surface is practically unobtainable? 

J. W. Ricuarps: No, but the conditions of using the equi-potential surface do not exist, except 
for the surface of a sphere. Taking particularly the example of a cube which is radiating heat from 
the outside, you certainly do not have an equi-potential surface. 

F. A. Lippury: Why is it necessary to introduce the question of radiation if you have a surface 
bounded by a good thermal conductor through which the heat is taken? 

J. W. Ricuarps: I must confess I have in mind the radiation of heat, in practice, from the 
outside of furnaces. 

F, A. Lipsury: It seems to me you are introducing another element that should not be con- 
sidered in connection with a paper which deals with first principles. 
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J. W. Ricuarps: The paper deals with first principles, it is true. The author illustrates them 
by the use of these different shapes, one of which, a cube, such as I have experimented with myself. 
He gives this as an illustration of the application of the principles, but it is only under very limit- 
ed conditions or circumstances that you would have such conditions as are assumed here, name- 
ly, a cube with the outside surfaces at one equi-potential temperature. 

F. A. Lipsury: Even considering such problems in relation to furnace practice, you have 
got to get down definitely to the various factors which you are dealing with, and in the first place 
to consider the case of isothermal surfaces. It you want to introduce any other disturbing factors 
at the surfaces they should be considered by themselves. If we are going to mix up that sort of 
thing with the measurement of thermal conductivities we shall never get anywhere. 

C. W. Comstock: If I understand Dr. Richards correctly, I do not think that the criticism 
he has made is applicable to the paper. 

In the first method which Mr. Langmuir describes, and which he applies on pages 95 to 
98 to rectangular prisms, he states explicitly that he has assumed the inner and outer surfaces 
of the rectangular prisms, as well as all planes parallel to them, to be isothermal surfaces. How- 
ever, in the second method, by which he derives the value which he describes as the lower limit 
of the shape factor, and which begins near the middle of page 99, he very distinctly does not assume 
that the outer face of the prism is an isothermal surface, and in Fig. 4 he indicates by a sketch 
what he considers as the approximate forms of the isothermal surfaces. 

I may have misunderstood Dr. Richards, but I thought he objected that the assumption of 
uniform temperature over the outer surface of a cube was not justified. That assumption is not 
made in the second method of calculation. 

J. W. Ricarps: My point was particularly this: That when Dr. Langmuir made the electri- 
cal measurement to get by analogy the shape factor, he was duplicating his first assumption, since 
the surfaces electrically were equi-potential, and that his experimental result, if it was equally 
accurate, should have agreed with his first assumption and not have dropped in between. The 
inference is made that his experimental determination would give him the real thing and drop 
in between these two extremes, but his experiment duplicated the conditions of his first assump- 
tion. I have the further criticism to make that he says that he was troubled by the meniscus; it 
seems to me he could have easily avoided that by closing the cell and getting rid of the meniscus 
altogether. As it is, his experimental values duplicate his first experiment, with small inaccuracies 
as regards the meniscus, but he does not realize the geometrical weight which he gives them, 
that is, assuming that his experimental values are equally correct. I think it is probable that the 
geometric mean is quite as likely to be true as the experimental results. 





FLAMES OF ATOMIC HYDROGEN 


Science 
Vol. LXII, 463, November (1925). 


A stupy of the heat losses from tungsten filaments at very high tempera- 
tures in an atmosphere of hydrogen led the writer to conclude in 1911! that 
hydrogen is largely dissociated into atoms at temperatures of 2500°K or more. 
The total heat loss from the filament, after subtracting that due to rediation, 
increased in proportion to the 7th power of the temperature at temperatures 
over 2700°K, whereas the normal heat loss by convection, as determined for 
example in nitrogen, should have increased with the 1.8th power of the temper- 
ature. Further work showed? that by heating a platinum or tungsten filament 
above 1300°K in hydrogen at low pressures, atomic hydrogen was formed 
which had very remarkable properties. It would dissolve at ordinary tempera- 
tures in platinum and would be condensed on glass surfaces at room tempera- 
ture and at this temperature combined instantly with oxygen or phosphorus 
and reduced oxides such as WO,, CuO, Fe,0O;, ZnO or PtO,. More accurate 
measurements of the heat losses from tungsten filaments in hydrogen at various 
pressures* gave 90,000 small calories as the heat of combination of 2 grams of 
atomic hydrogen, and showed that the degree of dissociation at atmospheric 
pressure increased from about 2 per cent at 2400°K to about 34 per cent at 
the melting point of tungsten. 


In attempting to obtain the Balmer spectrum of hydrogen without contam- 
ination by the secondary spectrum, R. W. Wood‘ built very long vacuum 
tubes in which he passed currents of amperes through moist hydrogen at a few 
millimeters pressure. He observed many remarkable phenomena. Short pieces 
of tungsten or platinum wire mounted in a side tube became heated to incan- 
descence, although no electric current flowed through this tube and the glass 
walls near the wires were not heated strongly. These effects were nearly absent 
when the hydrogen was carefully dried. In correspondence with Professor 


1 Langmuir, Trans. Am. Electrochem. Soc. 20, 225 (1911) and ¥. Am. Chem. Soc. 34, 860 
(1912). 


* Langmuir, J. Am. Chem. Soc. 34, 1310 (1912); Freeman, 7. Am. Chem. Soc. 35, 927 
(1913). 


* Langmuir and Mackay, J. Am. Chem. Soc. 36, 1708 (1914), 37, 417 (1915) and 38, 1145 
(1916). 
“ R. W. Wood, Phil. Mag. 44, 538 (1922). 
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Wood, the writer suggested that these effects were due to high concentrations 
of atomic hydrogen which could accumulate in the tube because of the effect 
of water vapor in poisoning the catalytic activity of dry glass surfaces that other- 
wise destroyed the atomic hydrogen. With moisture present the atomic hydro- 
gen diffused through the side tube and the atoms combined to form molecules 
on the surfaces of the metallic wires which acted as catalysts. 

Shortly after this correspondence it occurred to the writer that it should 
be possible to obtain even higher concentrations of atomic hydrogen by passing 
powerful electric arcs between tungsten electrodes in hydrogen at atmospheric 
pressure. The high heat conductivity of the gas due to the energy liberated by 
the recombination of the rapidly diffusing atoms should prove of particular 
value in the construction of electric furnaces, and for melting metals in general. 
Experiments of this kind were soon made. Twenty ampere arcs from a con- 
stant current transformer were passed between two tungsten rods 6 mm in 
diameter mounted transversely in an alundum tube (10 cm diam.) through 
which a stream of hydrogen flowed and burned at the open end. 

Arcs up to 2cm in length were obtained with voltages ranging from 300-800. 
The arc, of a beautiful red color, was of small diameter (about 3 mm) and was 
bowed out into a fan shape by its own magnetic field. 

Iron rods 2 or 3 mm in diameter melted within a couple of seconds when 
they were held 3-5 cm above the arc. By directing a jet of hydrogen from 
a small tube into the arc, the atomic hydrogen could be blown out of the arc 
and formed an intensely hot flame of atomic hydrogen burning to the molecular 
form and liberating 90,000 calories per gram molecule — about 50 per cent 
more than that in an oxy-hydrogen flame. To maintain these conditions the 
electrodes had to be brought closer together (preferably 1-3 mm). 

In this flame, even at distances of 1 or 2 cm from the arc, it was found that 
molybdenum melted with ease, and tungsten rods of 3 mm diameter could 
be melted when held very close to the arc itself. Quartz, on the other hand, 
melted with more difficulty than molybdenum, indicating that the catalytic 
action of the metals played an important part in the rapidity with which they 
could be heated. 

Thé use of hydrogen under these conditions for melting metals has proved 
to have many advantages. Iron can be welded or melted without contamination 
by carbon, oxygen or nitrogen. Because of the powerful reducing action of 
the atomic hydrogen, alloys containing chromium, aluminum, silicon or man- 
ganese can be welded without fluxes without surface oxidation. The rapidity 
with which such metals as iron can be melted seems to exceed that in the oxy- 
acetylene flame, so that the process promises to be particularly valuable for 
welding. 

The technical development of these welding processes using flames of atomic 
hydrogen has been the work of several men, among whom Robert Palmer 
and R. A. Weinman must be particularly mentioned. Papers describing the 
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apparatus used and the results obtained will soon be published by Mr. Wein- 
man and the writer in the General Electric Review. 

Mr. P. Alexander, following out a line of development suggested by Profes- 
sor Elihu Thomson, has independently arrived at an arc welding process utiliz- 
ing hydrogen for the purpose of improving the ductility of the weld and the 
speed of operation. In this process the arc is passed between an iron electrode 
and the material to be welded. This process also depends at least in part on 
the use of the high heat conductivity of atomic hydrogen. 

Some joint work of Mr. Alexander and the writer has shown that particular 
advantages are obtained in some cases by using mixtures of nitrogen and hydro- 
gen, and that the quality of the weld is not impaired by nitrogen unless oxygen 
is also present. A paper by Mr. Alexander describing his process will appear 
simultaneously with those dealing with the atomic flame process. 


Google venta Som 


FLAMES OF ATOMIC HYDROGEN* 


General Electric Review 
Vol. XXIX, No. 3, 153, March (1926). 


WHEN A tungsten wire is heated to incandescence in a vacuum by an electric 
current (as in a vacuum type tungsten lamp) the heat is dissipated almost wholly 
by radiation, the energy radiated increasing quite accurately in proportion to 
the 4.7th power of the absolute temperature 7. If an inert gas such as nitrogen, 
argon or mercury vapor is introduced into the bulb at atmospheric pressure 
a relatively large amount of heat is carried away from the wire by conduction 
and convection. This energy loss may be determined by subtracting from the 
total power input the power (in watts) corresponding to the radiation which 
has previously been measured in the vacuum at the same filament temperature. 
In this way it was found! that the heat loss by conduction and convection 
increases in proportion to about the 1.9th power of the temperature even up 
to temperatures as high as the melting point of tungsten (3660 deg. K).? This 
result was found to be in excellent agreement with a theory of heat convection 
which was based on the assumption that in the immediate neighborhood of 
the filament the heat is carried by conduction. 

In the case of a tungsten wire in hydrogen’ the heat loss by conduction 
and convection increased with about the 1.9th power of the temperature up 
to only about 1700 deg. K and then increased much more rapidly. For example, 
between 2600 deg. and 3400 deg. the heat carried away by hydrogen at atmos- 
pheric pressure increased with the 5.0th power of the temperature and with 
hydrogen at a pressure of 50 mm of mercury the exponent was even 6.0. 

This abnormal behavior of hydrogen suggested that at high temperatures the 
hydrogen molecules are dissociated into atoms according to the reaction 


H, = 2H (1) 


with the absorption of a large amount of energy. The enormous heat conductiv- 
ity of hydrogen at high temperatures (at 3400 deg., about 23 times that of 


* [Epiror’s Note: his paper appears as part of Chapter Eight of the author’s book, 
Phenomena, Atoms and Molecules, Philosophical Library, 1950.] 

1 Langmuir, Phys. Rev. 34, 401 (1912). 

2 These temperatures are on the absolute (Kelvin) scale and can be converted to centigrade 
by subtracting 273 deg. 

3 Langmuir, Trans. Am. Electrochem. Soc. 20, 225 (1911), and J. Am. Chem. Soc. 34, 860 
(1912). 
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nitrogen) would thus be due to the absorption of energy from the hot wire by 
the dissociating hydrogen molecules and the liberation of this energy in the 
cooler gas at a distance from the wire by the recombination of the atoms which 
diffuse away from the wire. 

Confirmation of the view that this effect is due to the formation of hydrogen 
atoms rather than to the formation of an endothermic polymorphic form of 
hydrogen, such as H; (coresponding to ozone, O;) was obtained by observa- 
tion of the fact that the heat loss from filaments at high temperatures is actually 
greater with low pressures of hydrogen (50 mm) than with hydrogen at atmos- 
pheric pressure. According to the law of mass action, the degree of dissocia- 
tion of a gas into atoms must be greater at low pressures than at high, whereas 
the opposite would be true if molecules containing more than two atoms were 
formed. 

Experimental evidence was soon obtained’ showing that hydrogen at low 
pressures, when brought into contact with tungsten or platinum wires at 
1300 deg. K or more, acquired entirely new chemical properties which were 
quite in accord with those to be expected of an atomic form of the element. 

It was found that metallic oxides? such as WO,, CuO, Fe,O;, ZnO, or 
PtO, in a bulb containing hydrogen at low pressure are rapidly reduced to 
the metallic state if a tungsten filament in the bulb (or in another bulb con- 
nected to it by glass tubing) is heated to a temperature above about 1500 deg. K. 
Simultaneously the hydrogen in the bulb gradually disappears. Thus the atomic 
hydrogen produced by the filament can react with certain metallic oxides at 
room temperature, although molecular hydrogen cannot do so. The atomic 
hydrogen can also react at ordinary temperature with oxygen or with phos- 
phorus (to form PH;). This dissociation of the hydrogen by the hot tungsten 
wire is prevented,‘ however, by even a minute trace of oxygen (or water vapor) 
if this comes in contact with the wire. 

The atomic hydrogen also shows the property of dissolving in platinum? 
at room temperature and causing a marked increase in the electrical resistance 
of the platinum. Allowing oxygen to come into contact with the platinum brings 
the resistance back to the normal value. 

By a quantitative study of the heat losses from tungsten wires at various 
temperatures in hydrogen, especially at low pressures, it has been possible to 
determine the degree of dissociation® and the heat of combination of the atoms 


1 Langmuir, 7. Am. Chem. Soc. 34, 1310 (1913). 

2 Langmuir, Trans. Am. Electrochem. Soc. 29, 294-5 (1916). 

3? Langmuir, Gen. Elect. Rev. 16, 962 (1913). 

* Langmuir, ¥. Am. Chem. Soc. 38, 2271 (1916); Trans. Am. Electrochem. Soc. 29, 261 (1916); 
Gen. Elect. Rev, 25, 445 (1922). 

§ Freeman, 7. Am. Chem. Soc. 35, 927 (1913). 


* Langmuir and Mackay, 7. Am. Chem. Soc. 36, 1708 (1914); 37, 417 (1915); 38, 1145 
(1916). 
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to form molecules. Since these experiments were made more accurate data for 
determining the temperatures of tungsten filaments have come into use. G. N. 
Lewis and M. Randall? and others have pointed out that the third law of 
thermodynamics gives a relation between the heat of dissociation and the degree 
of dissociation. 

With this relationship and the new temperature scale of Forsythe and Worth- 
ing,? the degree of dissociation of hydrogen has been recalculated from the 
expcrimental data of 1914. The results are expressed by the equation 


logy K = aoe +1.765 log,,T —9.85 x 10-5 T— 0.256 (2) 


where K is the equilibrium constant defined by 
K = pilps (3) 


p, being the partial pressure of atomic hydrogen and p, the pressure of molec- 
ular hydrogen, both expressed in atmospheres. Let x, the degree of disso- 
ciation, be expressed as the fraction of the hydrogen molecules which have 
been dissociated into atoms. Then if P is the total pressure, p, and p, are given 
by 

pi = 2Px|(1+x); py = (1—x)P/(1+%) (4) 


and the equilibrium constant K in equation (2) is also given by 


K = 4Px?/(1—x*) (5) 


Table I gives the equilibrium constant K and the degree of dissociation at 
various temperatures® as calculated from equations (2) and (5). 

From equation (2), by applying the Clapeyron equation, we can calculate H, 
the heat absorbed by the dissociation of the molecular hydrogen (at constant 
pressure), as follows: 


H = 97,000+3.5 T—0.00045 T? (6) 


This is expressed in small calories per gram-molecule of hydrogen(2.016 grams). 
The heat of reaction at constant volume Q is 


Q = 97,000+1.5 T—0.0004572 (7) 


1 Lewis and Randall, “Thermodynamics”, McGraw-Hill, New York, 1923, page 470. 
2 Forsythe and Worthing, Astrophys. Your., 61, 146 (1925). 


3 The revision in the calculation of x in 1915 changed the values of x as follows: 


T Old New 
2000 deg. 0.00165 0.00122 
2400 deg. 0.0109 0.0104 
2800 deg. 0.0421 0.0488 
3200 deg. 0.117 0.154 
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Heat Conductivity of Hydrogen 


The dissociation of the hydrogen greatly increases the heat conductivity. 
First, let us consider the laws governing the rate of loss of heat through hydro- 
gen which is not dissociated appreciably. : 

It has been shown! in this case that the loss of heat by conduction and 
convection from a body of temperature J, in a gas at temperature 7, is 

W, = S(P,—%,) (8) 
where W, is expressed for example in watts; S is the shape factor which is 
independent of the temperature but depends on the size and shape of the body 
and on the effective thickness of the film of gas which surrounds it. The quan- 
tities ®, and ®, are expressed as an integral of the heat conductivity k over a 
temperature range from 0 to 7,, or T;, thus 


o =f kdT (9) 


For high temperatures (T,) with hydrogen, ®, is approximately 1.06 x 10-4 7}? 
and ®, at T, = 300 is 0.3 watts per cm. 
The effect of the dissociation of the hydrogen is to increase the heat carried 
from the body by an amount W, given by ; 
W, = SDQ,c (10) 
where S is the shape factor, D the diffusion coefficient of hydrogen atoms 
through molecular hydrogen, Q, the heat evolved (expressed in watt seconds) 
when 1 gram of hydrogen atoms combine to form molecules, and c is the 
concentration (grams per cu. cm) of the atomic hydrogen at the temperature T,. 
It was found that 
D = 0.002147}? (11) 
From equation (7) we see that at temperatures of 2000 deg. or 3000 deg. Q, is 
about 49,000 calories or 205,000 watt-seconds. The value of c, according to 
equation (4) and the ordinary gas laws, is 


0.0244 Px 
aa a Ca 
Substituting these values in (10) we get (for W, in watts, P in atmos., and 
S in cm) 

W, = 10.7S)T, Px|(1+) (13) 
At T, = 3600 deg. and one atmosphere, x = 0.361 and W, is then 170 S, 
while from (8) we find at this temperature that W, is 22.4 S. Thus the heat 
conductivity of the hydrogen between 3600 deg. and 300 deg. is increased 

8.6 fold by the dissociation. At 5000 deg. the factor is about 11. 


1 Langmuir, Phys. Rev. 34, 401 (1912). 
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Taste I 


The Degree of Dissociation of Hydrogen into Atoms 











T K | x | oT K x 
Deg. K Atmos. , At1 Atmos. | Deg. K | Atmos. At 1 Atmos. 
300 2.63x 10-*" =| 2.56x 10-™ | 2800 9.58x 107% 4.88 x 10-7 
1000 5.50x 10-7 | =3.71x 10-* | 3000 3.30x 10-* 9.03 x 10-2 
1200 2.48x 10733 2.48x 10-7 3200 9.78x 10-* 0.154 
1400 1.04x 10-1° 5.08 x 10-* 3400 0.256 0.245 
1600 9.81x 10-* 4.95x 10-5 3600 j 0.598 0.361 
1800 3.42x 10-7 2.92x 10-* 3800 1.24 0.488 
2000 5.93 x 10-§ 1.22x 10-* 4000 2.56 0.625 
2100 2.02x 10" | 2.24x 10-8 4500 10.9 0.855 
2200 6.18x 10-5 3.92x 10-8 ' $000 34.7 0.9469 
2300 1.71x 10-* 6.54x 10-* 6000 169.0 0.9884 
2400 4.36x 10-* 1.04x 10-* 7000 649.0 0.9969 
2500 1.04x 10-* 1.61x10-* || 8000 1560.0 0.9987 
2600 2.30x 10-? 2.40x 107? i 9000 3030.0 0.9993 
2700 4.82x 10-3 | 3.48x« 10-* ! 10000 5000.0 0.9996 




















Arcs in Hydrogen at Low Pressures 


In attempting to obtain the Balmer spectrum of hydrogen without contam- 
ination by the secondary spectrum, R. W. Wood! built very long vacuum 
tubes of moderate bore, in which he passed currents as large as 20 amperes 
through moist hydrogen at about 0.5 mm pressure. He observed many re- 
markable phenomena. Short pieces ot tungsten wire projecting into the dis- 
charge were heated to incandescence, although a fine thread of glass or a plat- 
inum wire in a similar position was apparently not heated by the discharge. 
On drying the hydrogen with phosphorus pentoxide the secondary spectrum 
(due to molecular hydrogen) appeared strongly and the Balmer spectrum (due 
to atomic hydrogen) nearly disappeared. The heating of the tungsten wire was 
also prevented by drying the hydrogen. 

In correspondence with Professor Wood the writer had suggested! that 
the effect of moisture is to poison the catalytic activity of the dry glass surfaces 
that otherwise converted atomic into molecular hydrogen. Thus with moist 
hydrogen the tube became filled with nearly pure atomic hydrogen and the 
diffusion of this to the catalytically active tungsten wire caused the heating 
of the latter. Calculations based on an equation like (13) proved that a pressure 
of only 0.16 mm of atomic hydrogen at 500 deg. C would suffice to maintain 
a tungsten filament at 2400 deg. K. 

These conclusions were confirmed by Wood’s observations that the walls 
of the tube became only slightly heated if the hydrogen was moist, whereas 


* R. W. Wood, Proc. Roy. Soc. 102, 1 (1922) and Phil. Mag. 44, 538 (1922). 
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they were strongly heated with dry hydrogen. A tungsten wire was heated 
red hot even when mounted in a side tube (of 5 mm diameter) at a distance 
of 4 cm from the discharge tube, showing that the hydrogen atoms could diffuse 
in relatively large quantities out of the discharge. 

It occurred to the writer that it should be possible to obtain even higher 
concentrations of atomic hydrogen by passing powerful electric arcs between 
tungsten electrodes in hydrogen at atmospheric pressure and by blowing atomic 
hydrogen out of the arc by a jet of hydrogen directed against it. 


Arcs in Hydrogen at Atmospheric Pressures 


Studies had been made several years ago in this laboratory of arcs between 
tungsten electrodes in various gases.1 Arcs in hydrogen were remarkable 
because of the high voltage drop and small cross-section. A 10-amp., direct- 
current arc between heavy tungsten electrodes about 7 mm apart in a bulb 
containing pure hydrogen at atmospheric pressure appeared as a sharply de- 
fined brilliant red line about 0.5 mm in diameter along which the potential gra- 
dient was 150 volts per cm, this being about 15 times as great as in nitrogen 
or argon. This abnormal behavior of hydrogen was attributed to the dissocia- 
tion which carried energy so rapidly out of the arc. 

A simple analysis shows that ordinary heat conduction (i.e, without 
dissociation) and even convection are entirely incapable of causing such 
a flow of heat as 1500 watts per cm of length of arc. For the flow of heat 
between concentric cylinders of radii a and r the shape factor S in equation (8) 
has the value 


2rnl 

~ Tog (a/r) 
where / is the length of the cylinder. The surfaces of equal temperature which 
surround the arc are concentric cylinders. Let us consider the two surfaces 
which are the loci of points having the temperatures 2000 deg. and 1000 deg., 
respectively. The value of (¢,.—¢,) corresponding to these temperatures is 
5.6 watts per cm. Substituting this in equation (8) together with W, = 1500 / 
watts, we obtain S = 267 cm. 

From equation (14) we see that a/r must then be 1.027. In other words if 
the heat is to be carried by ordinary conduction the temperature would have 
to drop from 2000 deg. to 1000 deg. within a region in which the radius increases 
by less than 3 per cent. For the heat to travel any reasonable distance from 


the arc by ordinary conduction would require a temperature drop of the order 
of 50,000 deg. 


(14) 


* G. M. J. Mackay and C. V. Ferguson, J. Franklin Inst. 181, 209 (1916). 
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Heat Carried by Convection 


To form a conception of the heat that can be carried from bodies at very 
high temperatures by convection currents in a gas, let us consider a stream 
of gas of cross-section A moving through a heated region having a tempera- 
ture T,. Let T, be the temperature of the gas before entering the hot region 
and v be the velocity of the gas while in the hot region. The number of gram- 
molecules of gas passing the hot region per second is then Avp/(RT,) where 
p is the pressure in bars and R is the gas constant (83.7 x 10® ergs per deg.). 
If C is the specific heat of the gas per gram-molecule expressed in joules per 
deg. (for hydrogen up to 2000 deg. C may be taken to be 7.5 x 4.2 = 31.6) we 
thus find that the rate at which heat is carried from the hot region (in watts) is 


W = AvpC(T,—T,)/(RT2) (15) 


To maintain the convection current through the hot region requires the action 
of a force equal to the product of the velocity v by the mass of gas which moves 
per second through the hot region. We thus find that the pressure difference 
Ap needed to maintain the movement of the gas is 


Ap = Mpv’|(RT;) (16) 
where M is the molecular weight of the gas (2 for hydrogen). 
The available pressure difference in the gas near a heated body may be 


looked upon as due to the difference in pressure between two columns of gas 
of height A and of temperatures T, and 7, respectively. Thus we find that 





where g is the acceleration of gravity (980 cm per sec®). From equations (16) 
and (17) we find that the velocity of the gas in the heated region is given by 


v? = he(T,—T,)/T; (18) 


This must be looked upon as an upper limit to the velocity of convection 
currents in any gas, for the effect of viscosity, which we have neglected, must 
decrease the velocity below the value given by (18). It is interesting to note 
that this limiting velocity is the same for gases of different densities. As an 
illustration let us take a case where h =5 cm, T, = 2000 deg., and 7, = 
300 deg. We find that the velocities then cannot exceed 166 cm per sec. 
The actual velocities set up by convection currents are probably less than 
1/5th of this. 

Combining (18) and (15) and neglecting T, compared to 7; in the factor 
T,—T,, we find as an upper limit to the heat that can be carried by convection 
currents 


W = ApCy/igT,/T, [R 
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For hydrogen at atmospheric pressure this reduces to 

W = 12x AyhTJT, watts. 
Thus with h = 5, T, = 2000 deg. and 7, = 300 deg. we find W = 60 A, 
which means that the maximum heat that can be carried by a convection cur- 
rent (at 2000 deg.) is only 60 watts per sq. cm. It is evident that convection 


currents of molecular hydrogen are entirely inadequate as a means of carrying 
away the 1500 watts per cm of length that were observed in the hydrogen arc. 


Heat Carried by Diffusion of Hydrogen Atoms 


Let us now consider whether the observed energy loss can be explained 
as due to the diffusion of hydrogen atoms. Assuming that the hydrogen in 
the arc is completely dissociated, we place in equation (13): x= 1, P= 1 
atmosphere, and W, = 1500 /, and thus find 


ST, = 2801 
and from (14) 
log (a/r) = 0.0224 )/T, 


The temperature 7, enters this equation only because the diffusion coeffi- 
cient and the density of the atomic hydrogen vary with the temperature. It is 
thus reasonable to put for 7, the temperature at which the hydrogen is about 
half dissociated even if the temperature in the arc itself-is much greater than 
this. Thus putting 7, = 3800 deg. we find a/r = 4. 

From the derivation of the equations we see that the radii a and r corres- 
pond to places where x = 0 and x = 1, respectively. The diameter of the arc 
was observed to be 0.5 mm. Suppose the temperature at the surface of the 
arc is 10,000 deg. Then between this surface and the surface at which the tem- 
perature is 5000 deg. the heat cannot be carried by diffusion of hydrogen atoms, 
for even at the lower of these temperatures the dissociation is nearly complete 
and there is thus no concentration gradient. Let us assume that heat is carried 
in this region by conductivity through atomic hydrogen gas. From the princi- 
ples of the kinetic theory we can calculate for a monatomic gas of atomic weight 
M at very high temperatures that 


y = 5.6x 10-2 T92/(o2y/M) 
where a is the diameter of the atoms of the gas. Taking o = 1.3x 10~® cm as 
a reasonable estimate of the diameter of the hydrogen atom, we find for atomic 
hydrogen 
y = 3.3 x 10-*T3? 
Placing T, = 10,000 and 7, = 5000 we find y,—g, = 215 watts per cm and 


thus from the value of W, we find by equations (10) and (14) that a/r is 3.0. 
Thus between a cylinder of 0.5 mm and one of 1.5 mm diameter 1500 watts 
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per cm can be conducted by the atomic hydrogen with a drop in temperature 
from 10,000 deg. down to 5000 deg. From this cylinder of 1.5 mm the diffusion 
of atomic hydrogen could carry the energy out to one of 6.0 mm diameter, 
while the temperature falls to a point where there is little dissociation (say 
2000 deg.). 

Thus the diffusion of atoms from the arc is an adequate mechanism for 
carrying the energy out to a distance of 3 mm from the arc. We still have to 
explain how the heat can be transferred from this point to the bulb. We have 
seen that neither convection nor conduction through the molecular hydrogen 
can carry this amount of energy. 

We are therefore forced to the conclusion that in this arc the heat was deliv- 
ered by the atomic hydrogen directly to the heavy tungsten electrodes. The 
length of the arc was only 7 mm and one of the electrodes was a solid piece of 
tungsten about 15 mm in diameter.? 

We must also conclude that the high energy of 1500 watts per cm was only 
possible in this arc because of the proximity of the mass of tungsten. 


Preliminary Experiments with Flames of Atomic Hydrogen 


To try out the possibility of blowing atomic hydrogen out of an arc, 20-amp. 
arcs from a constant-current transformer were passed between two tungsten 
rods 6 mm in diameter mounted transversely in a horizontal alundum tube 
(10 cm diameter) through which a stream of hydrogen flowed. With voltages 
from 300 to 800, arcs could be maintained with electrode separations up to 
2 cm. The magnetic field of the arc caused it to move transversely so that it 
became fan shaped. Iron rods 2 or 3 mm in diameter melted within one or 
two seconds when they were held 3 to 5 cm above the arc. 

By directing a jet of hydrogen from a small tube into the arc, the atomic 
hydrogen could be blown out of the arc and formed an intensely hot flame. 
To maintain the arc in a stable condition the electrodes were brought closer 
together (1 to 3 mm) but the arc did not remain entirely between the electrodes, 
but extended as a fan to a distance of 5 to 8 mm. The flame of atomic hydrogen, 
however, extended far beyond the arc. At distances of 1 or 2 cm from the arc 
molybdenum (melting point 2900 deg. K) melted with ease. Near the edge 
of the arc tungsten rods (m. p. 3660 deg. K) could be melted. Quartz melted 
with much more difficulty than molybdenum, indicating that the extreme 
rapidity of heating of the metals was partly due to their catalytic action in causing 
the atoms to combine on their surface. 

The use of hydrogen under these conditions for melting metals has proved 
to have many advantages. Iron can be melted without contamination by carbon, 
oxygen or nitrogen. Because of the powerful reducing action of the atomic 


1 A photograph of this arc, showing the electrodes, is given in Mackay and Ferguson’s 
article. See reference (1), p. 125. 
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hydrogen, alloys containing chromium, alumirium, silicon or manganese can 
be melted without fluxes and without surface oxidation. With these flames 
of atomic hydrogen even fairly large pieces of aluminum oxide, Al,O;, magne- 
sium oxide, MgO, or thorium oxide, ThO,, can be melted with ease. The oxides 
thus heated show no apparent reduction to metal, perhaps because any metal 
that is formed is volatilized at these high temperatures. 

The technical development of methods for utilizing flames of atomic hydro- 
gen has been the work of several men, among whom Robert Palmer and R. A. 
Weinman should be particularly mentioned. 

An article by Mr. Weinman and the writer, on page 160 of this issue, de- 
scribes the application of these flames to the welding of metals. 


The Temperature of the Atomic Hydrogen Flame as Compared 
to Other Flames 

Let us suppose we could obtain atomic hydrogen in bulk at atmospheric 
pressure and room temperature and that we could then let this ‘‘burn” to the 
molecular form in a flame. What would be the temperature of this flame and 
how would it compare with that of other flames? Taking the heat of reaction 
(for 2 grams) to be 98,000 calories and taking the specific heat of molecular 
hydrogen (for 2 grams) to be 6.5+0.00097, we find that the heat of the reaction 
would be sufficient to heat the hydrogen to 9200 deg. K. 

A similar calculation! for the oxyhydrogen flame gives a temperature of 
3700 deg. K and for the oxy-acetylene flame about 7000 deg. K. Of course at 
such high temperatures as these the products of the combustion would be 
largely dissociated, so that the full heat of the reaction would not be available, 
and the flame temperatures are therefore much lower. For the case of the atomic 
hydrogen flame we find 

(1—x)H, = [2xC,+(1—x)C,]T 
where T is the temperature of the flame and x the degree of dissociation at 
this temperature; C, and C, are the mean specific heats of the atoms and mole- 
cules, respectively. By trial, using the values of x from Table I, we find that 
the equation is satisfied if we take T = 3990 deg. K; the degree of dissocia- 
tion, x, at this temperature is 0.62. Similar calculations for the other flames, 
taking into account the degree of dissociation? of the water vapor and carbon 
dioxide, give for the oxy-hydrogen flame T = 3370 deg. K and x = 0.20. 
For the oxy-acetylene flame T = 3750 deg., at which temperature the water 
vapor is about 38 per cent and the carbon dioxide about 89 per cent dissociated. 

These temperatures for the oxy-hydrogen and oxy-acetylene flames are 
still too high, since the hydrogen (and probably the oxygen) in the partly disso- 

1 The specific heats for these calculations were taken from a table given on p. 80 of Lewis 
and Randall’s “Thermodynamics.” 

2 Langmuir, J. Am. Chem. Soc. 28, 1378 (1906). 
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ciated products of combustion at these high temperatures must be largely 
dissociated into atoms. The effect of this will be to increase the degree of disso- 
ciation of the H,O and CO, beyond that taken into account in the calculation. 
An error of this kind, however, does not occur in the calculation of the temper- 
ature of the atomic hydrogen flame. Thus the calculations indicate that an 
atomic hydrogen flame is far hotter than either the oxy-hydrogen or the oxy- 
acetylene flame. 

There is another factor which tends greatly to increase the temperature of 
the atomic hydrogen flame even above the calculated value of 4000 deg. The 
atomic hydrogen, instead of being originally at room temperature, is already 
at a high temperature at the moment of its escape from the arc. The conditions 
are analogous to those in an oxy-hydrogen flame in which both gases are pre- 
heated. Thus the upper limit of temperature is fixed only by the degree of dis- 
sociation of the hydrogen and the rate at which heat is lost by radiation or con- 
tact with bodies of lower temperature. 

The fact that the degree of dissociation of hydrogen into atoms is very much 
less at a given temperature than that of carbon dioxide into oxygen and carbon 
monoxide is an important factor making the atomic hydrogen flame much hotter 
than the oxy-acetylene flame. 

The rate at which energy may be delivered to a surface by atomic hydrogen 
can be calculated readily by equation (13). Let us consider that a flame or stream 
of atomic hydrogen is directed against a plane metallic surface which is at a tem- 
perature of less than 2000 deg. and which catalyzes the combination of atoms. 
Thus at the surface the concentration of atoms is practically zero. At a distance 
of 5 mm from the surface let us assume that the degree of dissociation is 0.50 
and the temperature is 4000 deg. The shape factor S in equation (13) is the 
area of the surface divided by the thickness through which diffusion occurs. 
Thus we find that the energy is delivered to the surface at the rate of 450 watts 
per cm’, which is 25 per cent greater than that radiated from a tungsten surface 
at its melting point (3660 deg. K). The rate of diffusion of atomic hydrogen is 
therefore so great that it is not necessary, for the rapid melting of metals, that 
the blast of gas from the flame should carry the atomic hydrogen closer than 
about 5 mm from the surface. 

A stream of molecular hydrogen of 100 cc. per second (about 12 cubic 
feet per hour) measured at room temperature, if converted to atomic hydro- 
gen at 5000 deg. (x = 0.95) would be capable of supplying energy at the rate 
of about 1.6 kw. These figures may help to give more concrete ideas as to 
the manner in which atomic hydrogen can be used for the melting or welding 
of metals. 

It may be of interest to compare some features of the atomic hydrogen 
arc process with the process described by Mr. Alexander. In the latter process 
conducting vapor is ordinarily produced at the electrodes and enters the arc. 
The heat delivered to the weld is in large part due to anode and cathode po- 
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tential drops where the arc leaves the electrode and enters the metal. Atomic 
hydrogen produced in the arc and at its surface carries heat from the arc (and 
thereby raises the voltage) to the surface of the metal and contributes greatly to 
the speed of welding. The atomic hydrogen is also of great value in reducing 
oxides and thus makes possible the arc welding of alloys containing chromium, 
manganese, silicon, etc. The function of the hydrogen in neutralizing the 
action of small admixtures of air is not necessarily dependent on the presence 
of atomic hydrogen. 

By adjusting the position of the flame with respect to the surface the rate 
of melting is under accurate control in the atomic hydrogen flame process, 
and this feature makes it possible to weld very thin sheet metals or other objects 
of small size. 

It may seem at first sight peculiar that the addition of nitrogen to the hydro- 
gen decreases the arc drop in the process described by Mr. Alexander whereas 
it increases it when the atomic hydrogen torch is used. In the first case, how- 
ever, the arc is carried largely through conducting vapor, the arc is short 
and its length is not modified by the composition of the surrounding gas. The 
addition of nitrogen decreases the heat conductivity of the gas because of the 
decreased production of atomic hydrogen, and thus the voltage is lowered 
since less heat is withdrawn from the arc. In the second case, the decreased 
voltage drop per unit length along the arc is more than compensated for by 
the increased length of the arc which is brought about by the addition of nitro- 
gen. The lower,mobility of ions in the heavier gas probably causes the arc to 
be carried forward more easily by the blast of gas and thus increases its length. 
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With R. A. WEINMAN as co-author 


General Electric Review 
Vol. XXIX, No. 3, 160, March (1926). 


It Has been shown in the preceding article that a stream of hydrogen di- 
rected into an arc between tungsten electrodes can be made to produce a 
flame of atomic hydrogen which is of even higher temperature than the oxy- 
acetylene flame. To utilize this flame for the welding of metals it becomes 
important to have easy and complete control of the flame. The welding torches 
and auxiliary apparatus that have been developed for this purpose will be 
described in the following pages. 


The Welding Torch 


Many different forms of welding torches have been constructed and tested. 
The electrodes between which the arc passes are mounted at a convenient 
angle to one another and are adjustable so that they can be brought into con- 
tact at a point which is exposed to a blast of hydrogen from one or more ori- 
fices. Thus the atomic hydrogen is blown out of the arc in a definite direction 
and forms a flame which can be brought into contact with the metal to be 
welded. The jet of hydrogen also serves to bathe all the heated parts of the 
electrodes and the work, thus preventing oxidation and the introduction of 
impurities such as nitrogen into the weld. 

Fig. 1. illustrates two of the torches which have been extensively used. 
The electrodes, consisting of tungsten rods 3/, in. in diameter, are held in 
position at an acute angle with each other by lava insulators. 

In the torch shown at the right in Fig. 1 the electrodes are kept in contact 
by the spring when not in use but may be separated as much as about %/, in. 
by applying pressure to the lever which is mounted on the handle. Slow adjust- 
ments of the electrodes are made by the set-screw attached to the lever. 

The hydrogen is supplied by a tube which passes through the handle and 
then by flexible tubes is delivered to each of the electrode holders and es- 
capes through the annular spaces between the electrodes and the lava insula- 
ters. Sufficient hydrogen is used not only to surround each of the electrodes 
to their tips but to form a blast which blows the atomic hydrogen against 
the work and bathes it in hydrogen. 
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In the torch shown at the left in Fig. 1 a jet of hydrogen is directed into 
the arc from the end of the tube which projects from the hemisphere while 
a stream of lower velocity hydrogen escapes from the small openings in the 
hemisphere and thus surrounds the electrodes and the work with a bathing gas. 

Some torches, for use with 3-phase currents, have had three movable 
electrodes arranged symmetrically like the three edges of a triangular pyra- 
mid. Although the 3-phase arc is found to possess certain advantages partic- 
ularly in regard to stability, the added complication of the third electrode 
usually more than offsets these advantages. 


Electrical Apparatus 


Both the striking voltage and the arc voltage are higher for an arc in hydro- 
gen than for the ordinary welding arc since there is no appreciable amount 
of metallic vapor generated in the arc. The present day standard arc welding 
equipment is therefore not suitable as a power source for operating the atomic 
hydrogen torch. 

If direct current is used the arc may be stabilized by a series resist ance 
or a specially designed generator of the constant-current type may be used 
With series resistance a line voltage ecithe 
of 250 has been found to give good ContactorB —220v. 60~ AC ‘Single-phase 
results, Contactor A 

Alternating current is more conven- 
ient and, since the arc can then be sta- 
bilized by reactance instead of resistance, 
greater efficiency is usually obtained. 
A line voltage of 350 to 400 gives 
satisfactory operation. Voltages as high 
as this are needed solely to give stability 
and to enable the arc to be started at 
any time by separating the electrodes 
even when these are cold. 

A number of tests have been made 
to determine the voltages required to 
strike an arc by means of the lever 
mechanism of the torch. With coldelect- 5,4 2 Circuit diagram of apparatus used 
rodes an open circuit a-c. voltage of 320 with atomic hydrogen welding torch. 
was needed for striking the arc. After 
the arc had been started and the electrode tips had reached the operating 
temperature a line voltage of only 150 was sufficient to restart the arc as long 
as the electrodes remained nearly at the operating temperature. These lower 
line voltages may also be employed to start and maintain the arc if the elec- 
trodes are first raised to high temperature by a high current while separating 
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them very slightly so as to have a high contact resistance or by bringing a thin 
tungsten rod between the separated tips of the electrodes. 

It is more convenient, however, to use open circuit voltages of approxi- 
mately 400 rather than to employ these special means of starting the arcs. In 
normal operation the drop across the arc is in the neighborhood of 80 volts. 
To avoid danger to the operator the entire arc circuit is preferably insulated 
from ground. A motor-generator may be used to give either direct or alternat- 
ing current for the arc, but it is usually more satisfactory to use a specially 
designed transformer. 

The connections that have been used in most of the work to be described 
are shown in Fig. 2 and will be readily understood. When the arc is not oper- 
ating the electrodes ‘are in contact by the action of the spring ‘attached to the 
control lever, so that there are no voltages on the electrodes and the torch can 
be laid down on any material without danger of flashing the operator’s eyes. 
To strike the arc the electrodes are merely separated by pressing the lever. 

Should the open-circuit voltage at any time be impressed across the elec- 
trodes when separated, or the operator break the arc by spreading the electrodes 
too far apart, a relay in the arc circuit (contactor B as shown in Fig. 2) will 
trip the feeder circuit, in which case it is necessary for the electrodes to be 
brought in contact again beforethe main feeder circuit can be restored. 


The Welding Arc 


The torches illustrated in Fig. 1 are operated ordinarily with currents 
ranging from 20 to 70 amperes, depending mainly on the thickness of the 
material being welded. Where greater currents than this are required 1/,-in. 
and '/,-in. electrodes are used, special supports being necessary for them. 

In a few recent experiments, illustrations of which will be shown later, 
low carbon steel samples, containing 0.20 C, in sheet form of different thick- 
nesses, were welded with the currents shown in the following tabulation: 


Thickness in inches .......... Ye Phe Ne "ea We 
AMP... Sinan de Ruetensiced veces 30 40 50 60 70 


Thorough penetration was obtained for each reading taken, the rate of 
welding on 4-in. lengths being from 15 to 20 ft per hour. Alternating current 
was used in practically all work. 

The voltage drop across the arc while in operation varies from 60 to 100 
volts, depending on the amount of opening between the electrode tips. This 
voltage is nearly independent of the current, between the limits of 20 and 70 
amp., although a slight decrease in voltage is usually noted when the current 
is increased. Repeated experiments have shown that the lower voltage arc 
(60 to 80 volts) obtained by separating the electrodes only 1/;, or */, in. has 
a more concentrated working zone and is the most efficient arc for most kinds 
of welding. 
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The rate of consumption of gas used per torch for ordinary welding varies 
between 20 and 30 cu. ft per hour, depending to some extent on the amount 
of surface of the work to be covered. For outside work, however, especially 
in windy places, these amounts may be increased. The gas pressure required 
to operate the torch is very small; in the laboratory where short lengths of 
hose were used, a pressure of less than one pound per square inch was suffi- 
cient to weld metals /, to 7/, in. thick. 

A test for consumption of electrodes was made with alternating current 
and was found to vary greatly with the depth of penetration of the weld. On 
all metals up to '/, in. thickness, less than /,, in. of the electrodes was con- 
sumed per 24 in. of joint welded, while with thicknesses of °/, and 1/, in., 
1/6, in. to 1/5. in. of electrode was consumed per inch of joint welded. 

With direct current one electrode becomes much hotter than the other and 
this increases the consumption of electrodes and may necessitate electrodes 
of larger diameter. 

With two electrodes, the number commonly used, a fan-shaped arc is ob- 
tained which has a very narrow cross-section and a spread of °/, in. to /, in. 
(see Fig. 3). This arc, when the current is 20 amp. or more, will melt an iron 
rod '/, in. in diameter when placed 2 in. from it. 

By bringing the arc closer to the surface of a larger mass of metal it is found 
that the metal melts very rapidly. For welding, the maximum rate of heating 
is desired and this is obtained by bringing the torch so close to the metal that 
the lower portion of the fan shaped arc is just about in contact with the metal 
and this causes the arc to change its shape somewhat. The tips of the electrodes 
are then usually about ?/, to 1/, in. from the metal. Portions of the arc may 
at times become short-circuited by the metal so that the tracks of cathode 
spots on the metal may be seen, but this seems to play no important part in 
the welding process. 

For good welding it is important to hold the torch inclined at about 45 deg. 
to the plane of the metal surface which is being welded so that the blast of 
hydrogen from the torch passes over the pool of molten metal in a direction 
opposite to that in which the torch is moved along the line of the weld. In 
this way the metal at every point becomes heated and melts very rapidly but 
cools comparatively slowly, so that the dissolved gases have time to escape 
before the metal freezes. This solidification of metal at the fringe of the gas 
flame is responsible for the elimination of what are called gas pockets and 
inclusions and is one of the most important phases of the process. A welder 
with some experience in either electric or gas welding will observe this before 
many welds are made. 

When the torch is inclined in the proper way to the plane of the work 
and is moved steadily along the line of weld the molten pool is elliptical in 
shape, being usually about twice as long (or more) in the direction of weld 
as across it. 
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By inclining the torch in the manner described, the gases which escape 
from the pool usually in the form of bubbles, are blown away by the blast 
of hydrogen so that they do not disturb the arc. In this way the flame of 
atomic hydrogen preserves a constant shape so that a very uniform weld can 
be obtained. 

Another advantage of inclining the torch is that the heat from the arc and 
the burning gases is prevented from unduly heating the torch and this tends 
greatly to reduce the consumption of the electrodes. 


The Use of Gas Mixtures and Various Electrode Materials 


Hydrogen when used alone in this process was found to possess many 
characteristics which mixtures of hydrogen with other gases did not have. 
One of the most important of these is that the arc itself is more steady and 
does not spread over as much area, the advantage of this being a narrower 
weld with greater penetration when using the same currents. Mixtures of 
hydrogen and nitrogen, half and half, required an increase of arc voltage of 
10 to 20 per cent over that for hydrogen alone, using the same currents in 
both cases. With this mixture of hydrogen and nitrogen the welds were ductile 
and solid. 

Illuminating gas with graphite electrodes gave ductile welds on copper, 
and some of the non-ferrous metals, but gave very porous welds on steel. 
Where hydrogen is added to illuminating gas, up to 75 per cent hydrogen 
content, ductile welds were obtained on iron and its alloys. Graphite elec- 
trodes with hydrogen alone gave ductile non-porous welds on iron. However, 
the graphite electrodes, which were 1/, in. in diameter, required continual 
adjustment in all of these tests, due to the excessive rate of consumption. Ap- 
proximately 1/, in. of the electrodes was consumed per inch of weld on '/,-in. 
copper. 

Illuminating gas with tungsten electrodes gives approximately the same 
results as were obtained with the graphite electrodes. Using this gas and mix- 
tures of hydrogen or air, tungsten carbide is formed which melts at a lower 
temperature causing globules of this compound to form at the contact ends 
of the electrodes. The arc voltage is approximately double that of the hydro- 
gen arc when illuminating gas alone is used as the medium. 

Ammonia gas decomposed by passing through a coil of iron pipe heated 
to 650 deg. C, giving three parts hydrogen to one part nitrogen, can be used 
when hydrogen alone is not available. The results obtained with this mixture 
were similar to those where mixtures of half and half hydrogen and nitrogen 
were used, requiring a slightly higher arc voltage compared to hydrogen alone. 

When methanol, decomposed by means of catalytic action into hydrogen 
and carbon monoxide gases, was used in the process, the attack on tungsten 
electrodes was similar to that with mixtures of illuminating gas with hydro- 
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Fic. 1, Two types of atomic hydrogen arc welding torch. 
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Fic. 3. The fan-shaped hydrogen arc 
flame. 





Fic. 4. Soft steel weld — Hydrogen gas used 
alone. 





Fic. 5. Soft steel weld — Hydrogen and nitro- 
gen used in equal proportions. 
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Fic. 6. Photomicrograph of the weld in Fig. 5. 





Fic. 7. Various views of a weld made on sheet metal 
by a fully-automatic welding machine. 
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Fic. 8. Tubes welded by the hydrogen arc. 
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Fics, 9 and 10. High-chromium welded steel tubes. 
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Fic. 11. Weld of rectifier seal, joining chromium and low carbon steels, 





Fic. 12. Silicon copper and soft steel weld (100 
diameters). 
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Fic. 13. Silicon copper to invar weld — Enlarged, 





Fic. 14. Steel weld using alloy filler rod. 





Fic. 15. Welded joint subjected to 90-deg. bend. 
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Fic. 16. Welded tube 
crushed at the joint without 
damage. 





Fic. 17. Welded material 
subjected to expansion. 





Fic. 18. Bending of welded 
samples. 
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Fic. 19. Tension tests — Note that no breaks 
occurred at welds. 





Fic. 20. Material in weld rolled into ribbon. 





Fic. 21. Tension and bending tests on 1/4-in. cold-rolled steel, 
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gen. Tungsten carbide formed at the contact ends of the electrodes and an 
increase of approximately 50 per cent in arc voltage over that with hydrogen 
alone was required. 

In the welding carried on in the laboratory the greater part has been done 
with hydrogen alone, other gases being used for comparative tests only. A great 
amount of work has been done on the various metals and their alloys in differ- 
ent forms of welding with hydrogen. 


Materials Welded 


Low carbon steels up to 1/,-in. thickness have been welded without addi- 
tional metal by butting the ends together tightly so that no space remains 
between them, and tack-welding on both ends or in as many places as found 
necessary where they are not mechanically fastened. This sort of welding 
has also been applied to tubes when held in forms having a copper chilling 
bar immediately under the joint. 

Considerable work was done in connection with full automatic welding 
where the same procedure as butt welding was used, no metal being added 
to the seam. The edges were cut by a shear in thicknesses up to '/, in. which 
is the maximum thickness used on automatic experimental work so far. In 
this work the metal was clamped on a chilling bar by air pressure or mechanical 
means. The arc mechanism was mounted on a movable carriage capable of 
speeds from 15 in. to 56 in. per minute. Here other gases were tried alone and 
in combination with each other, the hydrogen gas giving best results. 

On welds with thicknesses greater than */, in. where hand torches are to 
be used with currents not exceeding 70 amp., a small amount of space is left 
between the pieces to be welded, which enables the arc to penetrate to the 
full depth of the work, the remaining space being filled with added metal. 

In some cases where pieces 1 in. thick were welded from one side only, 
V-shaped slots were cut along the seams to within one-quarter of an inch from 
the bottom of the piece. Filler metal may be added if necessary to any thickness 
of weld. This metal may have the same constituents as the parent metal or 
it may be lower or higher in carbon content. It may contain Mg, Cr, Mo, Al, 
W, Si, or impurities of S, P, etc. 

Aluminum alone and in combination with iron (15 per cent Al-Fe alloy) 
has been used for a final layer, covering welds made with low carbon steel. 
A number of different alloys of Al, Ni, and Cr have also been used for filler 
rod. 

Al and Ni alone or together may be welded by this process. They possess, 
however a tough oxide skin when in the molten state which the atomic hydro- 
gen flame breaks through when it is brought in contact with the surface. It 
is important that suitable chilling facilities be used in these cases, especially 
under the weld, due to the intense heat of the arc. This chilling will prevent 


Google 


138 Atomic Hydrogen Arc Welding 


the metal from flowing away underneath. Many of the chrome-nickel alloys 
are similar to Al and Ni in this characteristic and also require chilling facilities 
immediately under the weld. 


Test Data 


Figs. 4 and 5 show a longitudinal and transverse cut through a low carbon 
steel weld (0.20 C) in which no additional metal has been added to the weld. 
Hydrogen alone was used in Fig. 4 while equal quantities of nitrogen and 
hydrogen were used in Fig. 5. The thickness of metal is */,, in.; the speci- 
mens were 4 in. long. An average of one minute was taken for welding these 
specimens with 40 amp. and 60 volts across the arc. Tests for ductility were 
made on these specimens after being welded. They were bent transversely 
and longitudinally through 180 deg. without breaking in the welds. 

Fig. 6 gives a microscopic section of the junction of the metal involved in 
the weld with the original parent metal. The enlarged grain boundaries due 
to the heat of the arc appear at the left side. 

Fig. 7 shows three sides of a weld made with the material in sheet form by 
full-automatic control on the automatic machine using hydrogen with a 60-amp., 
60-volt arc, at a speed of 30 in. per min. The steels used for this experimental 
work on machine welding were mostly low carbon steels (0.10 to 0.20 C), with 
thicknesses of 0.060 in. to 0.125 in., no material being added to the weld. 
Tests for ductility on these welds are shown in Figs. 17 and 18. 

Up to the present time the automatic welding machine used in this process 
has not been fully developed, the greater part of the work being carried on 
with hand torches. In practically all the illustrations to follow, unless especially 
mentioned, hand welding torches were used. 

A number of welds were made on seamless tubing having a wall thickness 
of 1/, in. and an outside diameter of 4 in. to boiler plate iron 1 in. thick. The 
boiler plate was machined to permit the tube to project through to the opposite 
surface. The atomic hydrogen torch was applied at the junction of the tube 
and the boiler plate directly over the place where they made contact with each 
other, fusing the two metals together to a depth of °/, in. and 3/, in. wide. 
This weld completely surrounded the tube, making additional metal unneces- 
sary, showing very little reduction of area if close fit is made for the tubes in 
the boiler plate. 

Fig. 8 shows tubes made of low carbon steel 1 in. outside diameter, rolled 
from 7/63, "/s2) 1/1, and 3/,-in. sheet stock, butt welded on a mandrel. Tubes 
of the same dimensions and thickness of stock were made of high-content chrom- 
ium steels, some of which are shown in Figs. 9 and 10. The latter shows 
glass seals attached to 25 per cent chromium steel for vacuum tests. 

Welds on deoxidized copper such as silicon copper have been made up 
to 3/, in. thick metal, giving unusually good sections. Photographs of these 
welds were found to be too poor in detail for illustration. On short lengths 
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of this copper, 2 in. by 4 in. by °/, in. thick, butt welds have been made by 
penetration from one side. With heavier pieces than this, welds were made 
on two sides or additional metal was added to the weld. 

Fig. 11 shows a rectifier seal before and after the weld was made. The 
tubular part on the inside was made of 26 per cent chromium steel, the outer 
part of low carbon steel. Fig. 12 is a photomicrograph (100 diameters) showing 
a silicon copper and low carbon steel weld. Fig. 13 shows a silicon copper to 
invar (35 per cent Ni, 65 per cent Fe) seal weld, the invar is approximately 
0.100 in. thick, the copper */, in. thick. Fig. 14 shows a weld made between 
two pieces of low carbon steel with a filler rod containing 3 per cent tungsten, 
1!/, per cent chromium, 1.1 per cent vanadium and 0.60 per cent carbon. 

Figs. 15, 16, 17, 18 show ductility tests on low carbon steels with thicknesses 
from 0.0625 to 0.375 in. In Fig. 15 a 45-deg. bevel was cut on each of two 
pieces of */,-in. thick cold rolled steel 12 in. long. A large bead was welded 
into the V formed by the two pieces. After welding it was placed in a hydraulic 
press and bent into an angle of 90 deg. as shown. Fig. 19 shows tensile tests 
made on ?/,-in. strips cut from one sheet while Fig. 18 shows 180-deg. bends 
in both directions with respect to the weld. 

Fig. 20 shows two strips of low carbon steel made from welds cut out of 
sheet stock, the smaller a longitudinal weld 1/, in. thick and °/, in. wide rolled 
hot to 1/,, in. thick; the larger strip is cut transversely from a sheet of seven 
welds made up of '/,-in. stock 1/, in. wide with ends butted together. In 
this rolled condition the weld has entirely disappeared. If the metal is properly 
annealed it can be used for sheet metal if desired. 

















Tase I 
; | Width | ‘Thickness | y. f | Ult. tensile 
Specimen i in. in. | Yield point strength 
1 0.775 | 0.2460 39,600 | 63,500 
2 0.785 0.2485 i 45,300 | 67,000 
3 0.786 = | 0245s | 42,000 66,400 
TaBLe II 
Specimen Diameter | Yield point | Ultimate 
| | tensile strength 
1 Y% in. 54,300 | 62,800 
2 ¥ in. 46,400 | 58,300 
3 Y% in 42,200 | 59,000 
4 57,500 


| ¥ in. 46,100 





Rockwell hardness tests using the diamond cone were made on strips of 
cold-rolled steel 3/, in. wide and 14 in. long, these pieces being cut from sheets 
having butt welds in the center with a slight amount of Armco filler rod added 
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(see Fig. 21). Ductility and tensile tests were made at and near the welds. 
A typical curve showing the softest areas to be within '/, in. of the boundaries 
of the weld is given in Fig. 22, all bars tested breaking in this soft area. 








> 1 A 
Location on Specimen 3 fetances Trees eater Be Weld” 


Fic. 22. Rockwell hardness tests on hydrogen arc welds. 


These samples were given a tensile test with the results shown in Table I. 
Test samples made of low carbon steel 0.20 C with a double V weld, using 
Armco rod for filler gave tensile values according to Table IT. 
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FLAMES OF ATOMIC HYDROGEN’’ 


Industrial and Engineering Chemistry 
Vol. XIX, No. 6, 667, June (1927). 


THE HEAT carried away from an incandescent wire by a surrounding inert 
gas at ordinary temperatures increases roughly in proportion to the 1.9th 
power of the absolute temperature, 7, of the filament.? This relation holds, 
for example, for such gases as nitrogen, argon, and mercury vapor up to the 
temperature of melting tungsten, 3660°K. In the case of hydrogen, however, 
abnormal results were obtained in experiments made at high temperatures. 
Up to about 1700°K the normal exponent of 1.9 was observed, but at higher 
temperatures the exponent increased until at 2600°K and above it was about 
5.0. At 3400°K the heat conducted by hydrogen was twenty-three times as 
great as that carried by nitrogen under similar conditions. 

Nernst’ in 1904 had developed the theory of heat conduction in a dissociat- 
ing gas and had shown that dissociation results in a great increase in the heat 
conductivity. The dissociation products diffuse from the hot portions of the 
gas into the cold portions and there, by recombining, give up the large energy 
of the chemical reaction. This suggested that the abnormal heat conductiv- 
ity of hydrogen at high temperatures is due to dissociation of the hydrogen 
into atoms according to the reaction 


H, = 2H (1) 


An abnormal heat conductivity might, however, be due to the formation of 
an endothermic polymorphic form of hydrogen such as H;, corresponding, 
for example, to ozone. According to the law of mass action, the degree of dis- 
sociation of a gas into atoms must be greater at low pressures than at high, 
whereas the opposite would be true if molecules containing more than two 
atoms were formed. 


(Eprtor’s NoTE: This paper appears as part of Chapter Eight in the author’s book, Pheno- 
mena, Atoms and Molecules, Philosophical Library, 1950.] 

1 Received April 19, 1927. A major part of the subject matter of this paper was covered in 
an address under the same title delivered at the General Meeting of the American Chemical 
Society, Philadelphia, Pa., September 8, 1926. Preliminary publications have appeared in the 
Gen. Elec. Rev. 29, 153, 160 (1926). 

2 Langmuir, Trans. Am. Electrochem. Soc. 20, 225 (1911); Phys. Rev. 34, 401 (1912); 7. Am. 
Chem. Soc. 34, 860 (1912). 

* Boltzmann Festschrift, p. 904 (1904). 
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At temperatures below 1700°K the heat carried away by convection and 
conduction was greater at higher pressures of hydrogen than at lower pressures. 
For example, a wire of 0.0706 mm diameter at 1500°K dissipated over twice 
as much energy in hydrogen at 760 mm as in hydrogen at 50 mm pressure. 
At temperatures above 2700°K, however, more energy was dissipated at 50 mm 
than at 760 mm. There are evidently two factors acting in opposite directions. 
Since the heat loss by convection and normal conduction increased with tem- 
perature according to a law which had been determined, it was possible to 
extrapolate to the higher temperatures, and then by subtracting this from the 
observed heat loss at the higher temperatures it was possible to find the energy 
that was carried from the filament by the dissociation (or association) that 
occurred. A portion of the data obtained in this way with a filament of 0.0706 mm 
diameter at a series of different pressures is given in Figure 1.7 
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Fic. 1. Heat loss from a tungsten filament due to dissocia- 
tion of hydrogen by filament in hydrogen at various pressures. 


At temperatures from 2000° to 2400°K more than twice as much heat is 
carried in this way from the filament in hydrogen at 50 mm pressure as at 
760 mm, but data beyond the range included in the diagram show that this 
ratio falls to 1.55 at a filament temperature of 3400°K. At pressures still lower 
than 50 mm the heat loss does not continue to increase as the pressure is lowered, 
but calculation shows that this is due to the fact that the free path of the gas 
molecules is no longer negligible compared with the diameter of the wire so 
that there is a “concentration drop” of the modified hydrogen at the surface 
of the wire analogous to the temperature drop discovered by Smoluchowski. 

The marked increase in heat loss as the pressure was lowered proved that 
the heat was carried from the filament by a dissociation of the hydrogen into 


1 Langmuir and Mackay, J. Am. Chem. Soc. 36, 1708 (1914). 
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atoms. In fact, the amount of the increase was in quantitative agreement with 
a mathematical theory of the effect based on an assumed dissociation. 

When the pressure was lowered to 10, 1.1, and 0.2 mm the heat loss decreased 
with decreasing pressure (Figure 1), and decreased much more rapidly at the 
high temperatures than at the lower ones, so that finally (at 0.21, 0.04, and 
0.015 mm) it became independent of the filament temperature at temperatures 
above 2600°K. This indicates that the dissociation under these conditions is 
nearly complete, so that the rate of dissociation, which determines the heat 
loss, is limited only by the rate at which the molecules strike the surface of 
the wire. Quantitative calculations based on the kinetic theory confirmed this 
conclusion. 

By means of these theoretical considerations it was possible to determine 
the degree of dissociation and the heat of the reaction by which atoms combine 
to form molecules. The results that were published in 1915 gave 90,000 ca- 
lories as the heat of combination of 2 grams of hydrogen atoms at constant 
pressure and at 3000°K. The degree of dissociation,’ x, expressed as the fraction 
of the molecules which have been dissociated, was found to be, at atmospheric 
pressure, 0.00165 at 2000°K, 0.0109 at 2400°K, and 0.0421 at 2800°K. 

Since these experiments were made, more accurate data for determining 
the temperatures of tungsten filaments have come into use. G. N. Lewis and 
M. Randall? and others have pointed out that the third law of thermodynamics 
gives a relation between the heat of dissociation and the degree of dissociation. 


Degree of Hydrogen Dissociation 


With this relationship and the new temperature scale of Forsythe and 
Worthing,® the degree of dissociation of hydrogen has been recalculated from 
the experimental data of 1914. The results are expressed by the equation 


21,200 


log; K = — T 


41.765 logy) T—9.85 x 10-5 T —0.256 (2) 


where K is the equilibrium constant defined by 
K = pilps (3) 


p, being the partial pressure of atomic hydrogen and p, the pressure of molec- 
ular hydrogen, both expressed in atmospheres. Then if Pis the total pressure, 
P, and p, are given by 


Pi = 2Px((1+x); pa = (1—x)P[(1+x) (4) 
where x is the degree of dissociation. 
1 Langmuir, Ibid. 37, 417 (1915); 38, 1145 (1916). 


* “Thermodynamics,” p. 470, McGraw-Hill Book Co., New York, 1923. 
3 Astrophys. J. 61, 146 (1925). 
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The equilibrium constant K in equation (2) is also given by 
K = 4Px?/(1—x?) (5) 
Table I gives the equilibrium constant K and the degree of dissociation at 
various temperatures as calculated from equations (2) and (5). 


Note — This revision in the calculation of x changed the values of x calculated in 1915 to 
the following values: 


T (°K) Old New 
2000 0.00165 0.00122 
2400 0.0109 0.0104 
2800 0.0421 0.0488 
3200 0.117 0.154 


From equation (2), by applying the Clapeyron equation, we can calculate H, 
the heat absorbed by the dissociation of the molecular hydrogen (at constant 
pressure), as follows: 

H = 97,000+3.5 T—0.00045 T? (6) 
This is expressed in small calories per gram-molecule of hydrogen (2.016 grams). 
The heat of reaction Q at constant volume is 

Q = 97,000+ 1.5 T—0.00045 T? (7) 

Note — This result for the heat of dissociation which was published in March, 1926,! is in 
excellent agreement with the value 98,570, subsequently found by Witmer? from studies of a hydro- 
gen band spectrum found by Lyman. In a later paper® from a more careful analysis of similar 
data Witmer concludes that Q, is 100,000 + 5000 calories. 

Taste I 
Degree of Dissociation of Hydrogen into Atoms 














T 1 K ' x ' T K x 

°K Atmos. ' (At 1 atmos.) °K Atmos. (At 1 atmos.) 
300 | 2.63 x 10-7 | 2.56 10° 2800 | 9.58 x 10-*| 4.88 x 10-* 
1000 | 5.50x 1077 |! 3.71 x 10-° 3000 3.30 x 10-*| 9.03 x 10-* 
1200 | 2.48 x 10°? ; 2.48 x 10-7 3200 9.78 x 10°?) 0.154 
1400 | 1.04 x 107! | 5.08 x 10-* 3400 0.256 0.245 
1600 | 9.81 x 10-° 4.95 x 10-5 3600 : 0.598 0.361 
1800 | 3.42x 10°77 | 2.92 x 10°¢ 3800 | 1.24 0.488 
2000 | 5.93x 10-* | 1.22x 107 4000 2.56 0.625 
2100 | 2.02x 10-5 | 2.24x 10% 4500 10.9 | 0.855 
2200, | 6.18x 10-5 | 3.92 x 10° 5000 34.7 | 0.9469 
2300 1.71x 10° | 6.54x 10-9 6000 | 169.0 0.9884 
2400 4.36 x 10-¢ 1.04 x 10°* 7000 649.0 ; 0.9969 
2500 ' 1.04x 10° § 1.61x 107 | 8000 | 1560.0 ' 0.9987 
2600 2.30 x 10-3 2.40 x 10-* 9000 | 3030.0 0.9993 


2700 =| 4.82 x 107% 3.48 x 107% 10000 5000.0 | 0.9996 





* Gen. Elec. Rev. 29, 860 (1926). 
? Proc. Natl. Acad. Sci. 12, 238 (1926). 
* Phys. Rev. 28, 1233 (1926). 
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Chemical Properties of Atomic Hydrogen 


While the measurements of the heat losses from filaments in hydrogen 
were being made, other experiments! showed that hydrogen which had been 
in contact with heated filaments acquired entirely new chemical properties, 
and they were quite in accord with those to be expected of an atomic from of 
the element. 

If a tungsten or platinum filament is heated to 1300°K or more in dry hydro- 
gen at low pressures, preferably less than 1 mm, a limited amount of the hydro- 
gen gradually disappears or cleans up. When the limiting clean-up has taken 
place no additional clean-up occurs if a second filament is lighted, so we know 
that the gas is not absorbed by the filament. It was found that part of the hydro- 
gen can be recovered by heating the bulb. The amount of hydrogen that can 
be cleaned up increases considerably, but not indefinitely, when the bulb is 
kept cooled by liquid air. If the liquid air is removed after the filament has 
been allowed to cool, the excess of absorbed hydrogen is-evolved but does not 
recondense when the liquid air is replaced unless the filament is again lighted. 
The hydrogen on the bulb is thus not in the form of liquefied or solidified 
atomic hydrogen, but is held there rather as an adsorbed film. Hydrogen 
atoms striking a bare glass surface can condense, but if they strike atoms already 
on the surface they combine with these and the molecules escape. 

The maximum amount of hydrogen that can be adsorbed by glass cooled 
in liquid air was found to be 0.03 cu. mm per sq. cm, the hydrogen being 
measured at atmospheric pressure and temperature. This corresponds to 
1.5 x 10% atoms per sq. cm. If these are arranged in a close-packed lattice on 
the surface their distance between centers would be 2.78x10-§ cm. The di- 
ameter of the electron orbit in the Bohr hydrogen atom is 1.06 x 10-* cm. This 
result confirms the theory that impinging hydrogen atoms combine with 
adsorbed hydrogen atoms which they strike. If the glass surface is allowed 
to warm up to room temperature some of the atoms can react with adjacent 
atoms and thus escape as molecules. 

The atomic hydrogen adsorbed on glass is capable of reacting rapidly with 
oxygen at room temperature and slowly even at liquid-air temperature. Thus 
if hydrogen is cleaned up by a heated filament on to a bulb cooled in liquid 
air, and oxygen is admitted after cooling the filament, the oxygen disappears 
very slowly; but when the liquid air is removed an amount of oxygen suddenly 
disappears which is the chemical equivalent of the hydrogen that was previously 
cleaned up. This removal of the adsorbed hydrogen makes it then possible 
to clean up another portion of hydrogen on to the bulb when the filament 
is lighted. 

Atomic hydrogen from a filament in hydrogen at low pressure, even after 
diffusing through several feet of glass tubing at room temperature, can mani- 


1 Langmuir, J. Am. Chem. Soc. 34, 1310 (1912). 


10 Langmuir Memorial Volumes II 
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fest itself by reducing such metallic oxides as WO;, CuO, Fe,0;, ZnO, or 
PtO,.! The blackening of WO, or ZnO thus serves as a means for detecting 
atomic hydrogen. An oxidized piece of copper rapidly acquires a metallic 
luster. The fact that the atoms can pass through a long crooked tube proves 
that adsorbed hydrogen atoms can evaporate from glass surfaces at room 
temperature. Experiments showed that no atomic hydrogen passed through 
a trap cooled in liquid air, so that at this temperature the evaporation of the 
atomic hydrogen does not occur. A plug of glass wool in a tube at room tem- 
perature also stops the passage of the atoms. 

A well-exhausted tungsten filament lamp was connected through a glass 
tube to a Hale-Pirani vacuum manometer? which contained pure platinum 
wire 0.028 mm in diameter and 45 cm long heated to about 125°C by the pas- 
sage of a current of 0.0092 ampere. The resistance of the platinum wire was 
used to measure the pressure of the residual gas in the lamp. After the lamp 
had run about 50 hours at normal efficiency (2400°K) the resistance of the 
platinum wire had increased 0.12 ohm, the original resistance having been about 
96 ohms. Investigation showed that this increase of 0.125 per cent in resistance 
was caused by atomic hydrogen which diffused into the platinum wire. The 
increase in resistance persisted for days after the tungsten filament was turned 
off, but the resistance returned to normal either after heating the platinum 
wire or after admitting a little oxygen and then pumping it out again, the plat- 
inum wire being kept at 125°C. 

The dissociation of hydrogen by a tungsten filament at 1500°K, which causes 
a fairly rapid clean-up of dry hydrogen, is entirely prevented by pressures of 
oxygen or water vapor of an order of magnitude of 10-9 mm®. A very remark- 
able phenomenon occurs if a mixture of oxygen and hydrogen at low pressure 
is admitted to a bulb containing a filament at 1500°K. The oxygen reacts with 
the filament rapidly to form WO ;, which evaporates at this temperature as 
fast as formed. The oxygen thus cleans up at a rate proportional to its own 
pressure and the pressure of oxygen thus falls to half value about every 2 min- 
utes in a bulb of ordinary size. All this occurs exactly as though no hydrogen 
were present. During this time there is no measurable disappearance of hydro- 
gen. After 10 or 15 minutes the oxygen is nearly all gone and then for 5 or 10 
minutes more the gas pressure remains apparently constant and corresponds 
exactly to that of the hydrogen which was admitted. Then suddenly, when 
the pressure of oxygen is low enough (10-? mm), the hydrogen begins to disap- 
pear by dissociation and in a few minutes the pressure falls practically to zero. 
Water vapor has an effect similar to oxygen in preventing the dissociation of 


1 Langmuir, Proc. Am. Inst. Elec. Eng. 32, 1894 (1913); Trans. Am. Electrochem. Soc. 29, 
294 (1916). 

2 Hale, Trans. Am. Electrochem. Soc. 20, 243 (1911). 

3 Langmuir, 7. Am. Chem. Soc. 38, 2271 (1916); Trans. Am. Electrochem. Soc. 29,261 (1916); 
Gen. Elec. Rev., 25, 445 (1922). 
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hydrogen. At filament temperatures of 1750°K some of the hydrogen disappears 
while the oxygen is cleaning up, but the kink in the curve still occurs when 
the oxygen is gone. Water vapor and oxygen are thus powerful catalytic poisons 
for the reaction of the hydrogen dissociation. 


Arcs in Hydrogen at Atmospheric Pressures 


Several years ago in this laboratory studies were made of arcs between tung- 
sten electrodes in various gases. Arcs in hydrogen were remarkable because 
of the high voltage drop and small cross section. A 10-ampere, direct-current 
arc between heavy tungsten electrodes about 7 mm apart in a bulb containing 
pure hydrogen at atmospheric pressure appeared as a sharply defined, brilliant 
red line about 0.5 mm in diameter along which the potential gradient was 150 
volts per centimeter, making a power dissipation of 1500 watts per centimeter 
of length, this being about fifteen times as great as in nitrogen or argon. This 
abnormal behavior of hydrogen was attributed to the dissociation which carried 
energy so rapidly out of the arc. 


Arcs in Hydrogen at Low Pressures 


In attempting to obtain the Balmer spectrum of hydrogen without contam- 
ination by the secondary spectrum, Wood? built very long vacuum tubes 
of moderate bore, in which he passed currents as large as 20 amperes through 
moist hydrogen at about 0.5 mm pressure. He observed many remarkable 
phenomena. Short pieces of tungsten wire projecting into the discharge were 
heated to incandescence, although a fine thread of glass or a platinum wire in 
a similar position was apparently not heated by the discharge. On drying the 
hydrogen with phosphorus pentoxide the secondary spectrum (due to molec- 
ular hydrogen) appeared strongly and the Balmer spectrum (due to atomic 
hydrogen) nearly disappeared. The heating of the tungsten wire was also pre- 
vented by drying the hydrogen. 

In correspondence with Professor Wood, the writer pointed out that oxygen 
and water vapor decrease the rate of dissociation of hydrogen in contact with 
tungsten and must thus also tend to prevent the recombination of hydrogen 
atoms an a tungsten surface. He also suggested that moisture poisons the cata- 
lytic activity of the dry glass surfaces that otherwise converts atomic into molec- 
ular hydrogen. Thus with moist hydrogen the tube becomes filled with nearly 
pure atomic hydrogen and the diffusion of this to the catalytically active tung- 
sten wire causes the heating of the latter. Calculations based on the measured 
heat of dissociation proved that a pressure of only 0.16 mm of atomic hydrogen 
at 500°C would suffice to maintain a tungsten filament at 2400°K. 

These conclusions were confirmed by Wood’s observations that the walls 
of the tube became only slightly heated if the hydrogen was moist, whereas 


1 Proc. Roy. Soc. 102, 1 (1922); Phil. Mag. 44, 538 (1922). 
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they were strongly heated with dry hydrogen. A tungsten wire was heated red 
hot even when mounted in a side tube (of 5 mm diameter) at a distance of 4 cm 
from the discharge tube, showing that the hydrogen atoms could diffuse in 
relatively large quantities out of the discharge. 

It occurred to the writer that it should be possible to obtain even higher 
concentrations of atomic hydrogen by passing powerful electric arcs between 
tungsten electrodes in hydrogen at atmospheric pressure and this atomic hydro- 
gen could be blown out of the arc by a jet of molecular hydrogen directed across 
the arc. 


Preliminary Experiments with Flames of Atomic Hydrogen 


To try out the possibility of blowing atomic hydrogen out of an arc, 20-amp- 
ere arcs from a constant-current transformer were passed between two tung- 
sten rods 6 mm in diameter mounted transversely in a horizontal alundum tube 
(10 cm diameter) through which a stream of hydrogen flowed. With voltages 
from 300 to 800, arcs could be maintained with electrode separations up to 
2 cm. The magnetic field of the arc caused it to move transversely so that it 
became fan-shaped. Iron rods 2 or 3 mm in diameter melted within 1 or 2 
seconds when they were held 3 to 5 cm above the arc. 

By directing a jet of hydrogen from a small tube into the arc, the atomic 
hydrogen could be blown out of the arc and formed an intensely hot flame. 
To maintain the arc in a stable condition the electrodes were brought close 
together (1 to 3 mm), but the arc did not remain entirely between the elec- 
trodes, but extended as a fan to a distance of 5 to 8 mm. The flame of atomic 
hydrogen, however, extended far beyond the arc. At distances of 1 or 2 cm 
from the arc molybdenum (m.p. 2900°K) melted with ease. Near the end of 
the arc tungsten rods and even sheet tungsten (m.p. 3660°K) could be melted. 

The use of hydrogen under these conditions for melting and welding metals 
has proved to have many advantages. Iron can be melted without contamina- 
tion by carbon, oxygen, or nitrogen. Because of the powerful reducing action 
of the atomic hydrogen, alloys containing chromium, aluminum, silicon, or 
manganese can be melted without fluxes and without surface oxidation. 


Temperature of Atomic Hydrogen Flame Compared with Other Flames 


Let us suppose we could obtain atomic hydrogen in bulk at atmospheric 
pressure and room temperature and that we could then let this “burn” to the 
molecular form in a flame. What would be the temperature of this flame and 
how would it compare with that of other flames? Taking the heat of reaction 
(for 2 grams) to be 98,000 calories and taking the specific heat of molecular 
hydrogen (for 2 grams) to be 6.5 +0.0009 7, we find that the heat of the reac- 
tion would be sufficient to heat the hydrogen to 9200°K. 
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The dissociation of the hydrogen, however, would prevent the temperature 
from rising to any such high value. If x is the degree of dissociation at the maxi- 
mum temperature reached, the available heat of recombination is only (1—x) 
98,000. 

The heat in calories, Q, needed to raise the temperature of a gram molecule 
of gas from room temperature (300°K) to T at constant pressure is :? 


For H (atomic) Q, = 4.97 T—1490 


H, Q, = 6.50 T+0.00045 T?— 1990 

COorO, Q; = 6.50 T+0.00050 T?— 2000 

H,O . Q, = 8.81 T—0.00095 T?+-7.4 x 10-? T?—2570 
Co, Q, = 7.0 T+0.00355 T?—6.2 x 10-7 T?—2400 


Thus the temperature that could be reached by the recombination of hydrogen 
atoms starting from room temperature and atmospheric pressure can be cal- 
culated by the equation 


(1—x)Hy = 2xQ,+(1—*) Ox (8) 


where H, is the heat of combination of 2.016 grams of atomic hydrogen at 
room temperature (98,000 calories). Introducing the values of Q, and Q, in 
this equation and solving for x we find 


100,000 —6.507 —0.00045 T? 


* = 97,000-+-3.44T—0.00045T? (9) 





We can thus plot a curve giving x as a function of T. But the data of Table I 
enable us to plot another curve of x as a function of T. These two curves inter- 
sect at T = 4030°K and x = 0.642. Thus atomic hydrogen at room tempera- 
ture and atmospheric pressure would heat itself to 4030°K and the degree of 
dissociation would then be 0.642. 

The temperature of the oxyhydrogen flame can be calculated in an analo- 
gous manner, taking into account the dissociation of the water vapor into oxygen 
and hydrogen and the dissociation of the molecular hydrogen into atomic. 
This rather laborious calculation shows that the combustion of a mixture of 
two volumes of hydrogen with one of oxygen at room temperature (300°K) 
and atmospheric pressure produces enough heat to raise the reaction products 
to 3130°K. The reaction is 


2H,+0, = 1.652H,O+0.249H,+0.198H+0.1740, (10) 


Thus the composition (by volume) of the flame gases at this maximum tem- 
perature is water vapor 72.68, molecular hydrogen 10.95, atomic hydrogen 
8.71, and molecular oxygen 7.66 per cent. At this temperature the equilibrium 
constant for the dissociation of hydrogen according to the data of Table I is 


1 The specific heats for these calculations were taken from a table on p. 80 of Lewis and 
Randall’s ‘“Thermodynamics.” 
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K = 0.068 atmosphere. The corresponding equilibrium constant for the disso- 
ciation of water vapor at 3130°K is? 


K = (H,)*(O,)/(H,O)? = 0.00170 (11) 


where the parentheses represent pressures in atmospheres. In the flame gases 
the water vapor is 17.4 per cent dissociated and the hydrogen is 27.4 per cent 
dissociated. 


For the combustion of acetylene with oxygen we may consider the reactions: 


C,H,+5/.0, = 2CO,+H,0+302,000 calories I 
C,H,+3/,0, = 2CO+H,0+ 166,000 calories II 
C,H,+ 0, = 2CO+H,+102,600 calories III 


In a flame having the proportion of oxygen given in the first reaction the 
flame gases would contain a relatively large amount of oxygen owing to the 
dissociation of both the carbon dioxide and the water vapor. For oxy-acetylene 
welding such strongly oxidizing flames are avoided and the oxygen ratio is 
cut down nearly as low as that in reaction III. 

Let us calculate the temperature and flame composition for this case. The 
reaction does not go to completion as indicated above in reaction III, but should 
be written 

C,H,+O, = 2CO+n,H,+2,H (12) 
where 
ny+}/sn, = 1 (13) 


The heat of the reaction, 102,600—(1—m,) 98,000 calories, must equal the 
heat content of the reaction products 20,;+72.Q,+,Q,. From the resulting 
equation we find 


108,600 —19.5T—0.001457? 























™ = 48,500-+1.72T —0.00022577 (14) 
The partial pressures of H and H, are 
ny nm 
D= Fate ~ Thm ad 
and 
_ 1—"/.m 
p2= 343/m, (16) 
so that the equilibrium constant is 
K Pi ni (17) 


72) (1—*/2%4)(3-+7/2m1) 


1 Langmuir, 7. Am. Chem. Soc. 28, 1357 (1906). 
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At any assumed temperature we can calculate m, and thus get K as a function 
of T. We also get K as a function of T from Table I. The intersection of the 
two curves gives T = 3270°K; n, = 0.5676; nz = 0.7162. 

Thus we conclude ‘that when acetylene |burns with an equal volume of 
oxygen the maximum temperature may rise to 3270°K and at this temper- 
ature the composition of the flame gas is carbon monoxide 60.9 per cent, 
molecular hydrogen 21.8 per cent, and atomic hydrogen 17.3 per cent by 
volume. 

There is another factor which tends greatly to increase the temperature of 
the atomic hydrogen flame even above the calculated value of 4030°K. The 
atomic hydrogen, instead of being originally at room temperature, is already 
at a high temperature at the moment of its escape from the arc. The conditions 
are analogous to those in an oxyhydrogen flame in which both gases are pre- 
heated. Thus the upper limit of temperature is fixed only by the degree of 
dissociation of the hydrogen and the rate at which heat is lost by radiation or 
contact with bodies of lower temperature. 


Rate of Surface Heating by Flames 


Although the high temperature of the atomic hydrogen flame is of great 
importance when it is desired to melt substances of very high melting point 
such as tungsten, a factor of even greater importance in ordinary welding opera- 
tions is the rapidity with which heat can be delivered to a surface per unit area. 

In order to determine this rate of surface heating for various kinds of 
flames, the device shown in Figure 2 was constructed. It consists essentially of 
a short rod of tungsten, A, so arranged that 
heat from the flame can be applied only to the 
circular surface forming its upper end, while 
its lower end is in good thermal contact with 
a large mass of copper, B, which removes 
the heat from the tungsten rod as fast as it 
is delivered by the flame. To prevent the 
flame from striking the sides of the rod, a 
water-cooled circular plate or guard ring of 
copper, C, is used. To obtain good thermal 
contact between the tungsten rod and the 
copper, the mass of copper B was made by 
casting it around the tungsten rod which had 
previously been covered with copper by heat- 
ing with copper in an atmosphere of hydrogen. The tungsten rod had a diameter 
of 0.77 cm and the portion extending out of the copper mass had a length of 
about 0.8 cm. The hole in the copper plate was 0.95 cm in diameter. The weight 
of the copper block B was 8100 grams and the diameter of its cylindrical part 
was 10 cm. 





COPPER 


Fic. 2. Apparatus for measuring 
rate of surface heating produced by 
flames. 
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Taste II 
Rate of Surface Heating Produced by Various Flames 
| Watts /sq. cm 
(1) Ordinary Bunsen burner (gas-air) at tip of inner cone. Flame 15 | 
cm high, cone 4.5 cm high | 51 
(2) Ordinary blast lamp (gas-air), 14 cm from burner tip in flame 25 
cm long, nozzle 0.60 cm diameter 57 
(3) Same at 19 cm from burner tip (hottest part) 73 
(4) Ordinary blast lamp (hydrogen-air), 13 cm from burner tip | 100 
(5) Blast lamp for quartz blowing (gas-oxygen) 2.5 cm from burner tip 450 
(6) Same with hydrogen-oxygen 520 
(7) Acetylene welding torch, adjusted for maximum effect (several | 
different tips gave about the same result) 670 
(8) Atomic hydrogen flames: 
Amperes Volts Mm from tips ! 
20 100 \ 3 580 
5 640 
7 | 400 
40° 75 3 | 1000 
5 1140 
7 900 
10 620 
60 65 5 1300 
1 7 1100 
! | 10 850 
| 15 500 
20 330 
30 | 190 
40 ; 130 
50 \ 95 








The temperature of the copper block was measured at half-minute inter- 
vals by means of a mercury thermometer placed in a hole which had a diameter 
only slightly larger than the thermometer and into which oil had been intro- 
duced to make better thermal contact between the thermometer and copper. 

When the atomic hydrogen or other flame was directed against the tungsten 
tip the rate of temperature rise of the copper block gave a measure of the rate 
of surface heating. The flame was applied for a definite time which ranged 
from 2 to 5 minutes, during which time the temperature rose 40° to 80°C. 
After the flame was removed the thermometer readings continued to rise for 
a couple of minutes because of the time needed for the heat to become uniformly 
distributed throughout the copper block. Readings were continued for several 
minutes more in order to determine the rate of cooling so that correction could 
be made for the slight loss of heat that occurred before the maximum tempera- 
ture was reached. This correction rarely amounted to more than 5 per cent. 

The rate of surface heating in watts per square centimeter was then calculat- 
ed from the temperature rise, the time of application of the flame, the area 
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of the end of the tungsten tip (0.466 sq. cm), the mass of copper and its specific 
heat (0.394 watt second per gram per degree). A summary of the results is 
given in Table II. Except where specifically noted, the conditions for the use 
of each flame were chosen to give the greatest possible rate of surface heating. 

The rate at which heat is delivered to a tungsten surface by the atomic hydro- 
gen flame produced by a 60-ampere arc (1330 watts per sq. cm) is thus twenty- 
six times as great as that from a Bunsen burner flame and about double that 
from the flame produced by the ordinary oxy-acetylene welding torch. 

According to the Stefan-Boltzmann law the heat radiated from a body at 
high temperature is 


‘ 
W,=5 7E( yoo) watts per sq. cm (18) 


where E is the emissivity of the body (E = 1 for a black body). 


If a Bunsen burner flame delivers 51 watts per sq. cm to the whole surface 
of a black body, it would thus heat it to 1730°K. If heat is applied by the flame 
to one side of a plate-shaped body and the heat is radiated from both sides, | 
the temperature would be 1450°K. The fact that the Bunsen flame does not 
heat bodies so hot as this indicates that the rate of surface heating decreases 
as the temperature of the body increases. The heat reaches the surface from 
such a flame by conduction through a relatively stationary film of gas. The 
decrease in the temperature gradient when the body becomes hot would explain 
the lower rate of surface heating. With 1330 watts per sq. cm delivered by the 
atomic hydrogen flame, the temperature of a black body would rise to 3900°K. 
The power radiated from tungsten at its melting point is 395 watts per sq. cm, 
and 1330 watts per sq. cm should heat tungsten to about 5300°K. Although 
tungsten wires and even sheet metal can be melted and welded by the atomic 
hydrogen flame, it does not occur so rapidly as the foregoing figures would 
lead us to expect. 

At such high temperatures, however, the rate of surface heating by an atomic 
hydrogen flame must decrease because of the fact that the hydrogen remains 
partly dissociated so that the recombination is not complete. With surface 
temperatures below 2000°K, however, this factor would be negligible. It is 
probable that the rate of surface heating would be dependent not so much on 
the temperature gradient in the surface film of gas as on the rate of diffusion 
of atomic hydrogen through this film. Thus we may expect the rate of delivery 
of energy to a metal surface to remain nearly constant until the surface reaches 
a temperature of at least 2000°K. 

To test this conclusion and also to find out whether different metals are 
heated at different rates, another device like that shown in Figure 2 was con- 
structed, but the tip which was heated was of copper instead of tungsten, being 
made by turning down a large block of copper. When energy is delivered at 
the rate of 1000 watts per sq. cm the temperature gradient in the tungsten tip 
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is about 1100°K per cm, while with a copper tip it is 260°K per cm. Thus the 
surface of the tungsten tip was probably at a temperature of at least 1400°K 
while the copper surface was not over 600°K. The observed rates of surface 
heating with the copper and tungsten tips were, however, not measurably 
different. This seems to indicate that up to 1400°K the temperature of the sur- 
face does not affect the rate of heating and also that copper and tungsten are 
equally effective in causing recombination of hydrogen atoms on their surfaces. 


Total Heat Delivered to Surfaces 


The foregoing method measures the intensity of surface heating in watts 
per square centimeter. It was of interest to determine what fraction of the total 
energy in an arc or a flame could be delivered to a large flat surface against 
which the flame was directed. For this purpose a cylinder of copper 10.5 cm 
in diameter and 9.8 cm long was used, which weighed 7950 grams. The flame 
was directed against one of the flat polished ends, and the rate of temperature 
rise was measured as before. 

An atomic hydrogen flame was produced by a 60-ampere a.c. arc using 
a torch like that shown in Figure 3. The voltage across the electrodes was 70 volts. 
A wattmeter showed that the power consumption in the arc was 3510 watts, 
which gives a power factor of 0.84. The electrodes were tungsten rods 3.2 mm 
in diameter which made an angle of 55 degrees with one another. The rate of 
flow of hydrogen which bathed the electrodes was 14.2 liters per minute (30 
cubic feet per hour). From the temperature rise of the copper block the heat 
delivered to the surface was found to correspond to 3100 watts when the elec- 
trode tips were 3 to 5 mm from the copper surface. This decreased to 2800 
watts at 13 mm, 2500 at 25 mm, and 2200 at 35 mm. With the arc turned off 
but the molecular hydrogen burning in the air, the rate of heating corresponded 
to 250 watts with the electrodes 6 mm from the surface. Subtracting this energy 
delivered by the combustion of the hydrogen in the air, we find that the energy 
carried to the metal by the atomic hydrogen ranged from 2850 to 1950 watts. 
Thus with the electrodes 3 mm from the metal 82 per cent of the power input 
into the arc was delivered to the copper surface. This efficiency became 78 per 
cent at 6 mm, 71 at 13 mm, 65 at 25 mm, and 55 per cent at 35 mm. The energy 
corresponding to the complete combustion of 14.2 liters of hydrogen per minute 
is 2360 watts. Actually, only 250 watts or 11 per cent of this reaches the copper. 
The total energy of the arc and the flame of molecular hydrogen is 5870 watts, 
of which 3100 watts or 53 per cent is delivered to the copper. 

An oxy-acetylene flame from a standard welding torch consuming 30.6 
liters of oxygen per minute (64.8 cubic feet per hour) and 28.6 liters of acety- 
lene per minute (60.6 cubic feet per hour) delivered energy at the rate of 4400 
watts to the copper surface. A smaller torch consuming 13.7 liters of oxygen 
per minute and 13.0 of acetylene (29.0 and 27.5 cubic feet per hour, respec- 
tively) gave energy to the copper at the rate of 3900 watts. If we take the heat 
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of combustion of the acetylene to be 302,000 calories corresponding to complete 
oxidation according to reaction I, the efficiency of the heat delivery by these 
flames is 17.6 per cent with the larger torch and 34.2 with the smaller. The 
energy delivered is, however, 52 and 101 per cent, respectively, of the heat 
energy generated if the combustion proceeded only as far as indicated by re- 
action III. 

The data in Table II and the foregoing results show that the intense heat 
of the atomic hydrogen flame extends a considerable distance beyond the arc 
between the electrodes. Some measurements were also made of the length 
of time required to melt the ends of rods 6.3 mm in diameter (1/, inch) of Armco 
iron which were held in the flame at different distances from the electrode tips, 
the axis of the rods being perpendicular to the direction of motion of the flame 
gases. The rods were at room temperature when introduced into the flame. 
Table III gives the time in seconds before fusion of the end of the rod occurred. 


Taste III 
Time Required to Melt Ends of 6.3-Mm Iron Rods in Flame from 
60-Ampere Arc 











DISTANCE FROM ELECTRODES | TIME 
Mm | Inches Seconds 
6.3 oP 4 
9.5 | 5 7 
13 \ why 8 
19 | ahs 14 
25 18 
38 1), 27 
51 36 
64 ' 2), 80 
76 | 3 240 








Action of Atomic Hydrogen on Various Refractory Substances 


Every refractory material which has been tried, except carbon, can be melt- 
ed with comparative ease by the atomic hydrogen flame. Many substances 
vaporize very rapidly. The flame from a 60-ampere arc was directed against 
a large piece of calcium oxide. After considerable shrinkage and cracking a sur- 
face of several square centimeters can be maintained in a molten condition 
(m.p. of CaO, 2850°K)! but evaporation occurs with remarkable rapidity. 
The flame becomes very brilliant and of a red color, and a spectroscope shows 
many hundreds of lines extending over nearly the whole spectrum. An optical 
pyrometer with a red screen (A = 0.66) sighted on the fused lime when at 
its highest temperature showed that the luminous intensity corresponded to 
that of a black body at 3500°K. A large fraction of this light was undoubtedly 
emitted by the gas. 


1 These melting points are taken from the International Critical Tables. 
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Pure magnesium oxide (m.p. 3070°K) melts with much greater difficulty. 
When it reaches high temperatures the arc shows a strong tendency to short- 
circuit on to the heated mass and rapid evaporation occurs where the arc leaves 
and enters the oxide. The end of a rod of oxide 4x7 mm in cross section was 
heated just to fusion for 1.5 minutes and its weight decreased from 1.74 to 
1.01 grams. The observed black-body temperature just at fusion was 3070°K, 
but the apparent temperature could be raised to 3200°K. Relatively little light 
was emitted by the flame gases. 

Pure thorium oxide, ThO, (m. p. > 3070°K), when just fused gave a black- 
body temperature of 3360°K but the apparent temperature could be raised 
to 3700°K at the points where the arc short-circuited on to the hot oxide. 
Evaporation was very rapid under these conditions. 

With none of these oxides, or with alumina, was there any direct indica- 
tion of reduction of the oxide to metal. A water-cooled, polished copper sur- 
face held in the flame just over the heated oxide rapidly became coated with 
oxide, but no metal was observed. It may well be, however, that the apparent 
volatility of the oxides is in large part due to reduction of the oxides and evap- 
oration of the resultant metal, but as the temperature of the flame gas is 
lowered by cooling, the metal vapor reacts with the water vapor or oxygen 
derived from the original oxide. 

Quartz glass seems peculiarly difficult to fuse. At least, with the most intense 
heat of the arc it retains a very considerable viscosity. For example, when the 
atomic hydrogen flame is directed against the central part of a thin piece of 
quartz glass about 3 mm thick, it does not seem possible to melt a hole through 
the sheet of glass. Right under the arc, however, the silica evaporates rapidly 
so that after perhaps half a minute, but without any further increase in tem- 
perature, the glass becomes so thin that a hole forms. The hottest part remains 
clear and the surface clean, but this region is surrounded by a ring where the 
surface is covered by a fairly thick film of silicon or lower silicon oxides. On 
cooling the sample by removal from the flame, this ring appears black or dark 
brown with a peculiar luster, but in the flame the central part appears dark 
because of its low emissivity while the surrounding ring is bright. Pyrometer 
readings of the sample when strongly heated give black-body temperatures 
of 2530°K for the central part and 2690°K for the inner edge of the ring. 

The inability to get the silica in a more fluid condition is due partly to its 
inherently high viscosity. Cooling by rapid evaporation, and perhaps failure 
of the quartz to catalyze the reaction involving the recombination of the hydro- 
gen atoms, probably limit the temperature to which the quartz can be heated. 


Evaporation of Metals 
Pieces of various metals weighing 3 to 6 grams were placed upon cupels 
made from pure magnesium oxide, and were heated as strongly as possible 
by an atomic hydrogen flame from a 60-ampere arc. Cracks which formed in 
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Fic. 3. One form of atomic hydrogen welding 
: torch. 





Fic. 4. Welds of low carbon steel made with atomic 


hydrogen torch. 


Left — Welded sheet 1/,, inch thick, folded twice 
Center — Weld 1/, inch thick tested by embossing 
Right — Tube made by welding sheet '/,, inch thick, subsequently subjected to tests. 
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the cupels, through which molten metal could escape, were repaired by fusing 
small amounts of lime into the surface. Of course, a flame directed against 
the surface of a liquid cannot raise the temperature of the liquid to the boiling 
point, for cooling by evaporation will hold the temperature below this point. 
Thus, a Bunsen burner flame playing on the surface of water in a small dish 
heats the water to only about 85°C. Table IV gives maximum temperatures 
to which various metals could be heated by the atomic hydrogen flame. 











Tass IV 
Maximum Temperatures of Metals Heated by Atomic Hydrogen Flame 
| Evapora- RATE OF Emis- 
METAL | Trax Tov. RADIATION j TION EvaPoRATION | SIVITY 
- | °K | °K | Watts per sq. cm | Glem|cm|sec L 

Ni 2870 | 360 | 140 | 60 | 0.0095 | 0.36 

Cu 2840 | 3110 | 937, | 300 | 0.058 =| Oo; 

Ag 2660 2740 | 20 | 330 | 0.125 | 0.07 





These temperatures were calculated from the pyrometer readings by means 
of the emissivities given in the last column. The boiling points in the third 
column were obtained from measurements of the rate of evaporation from 
these metals in vacuum.! ; 

The rate of radiation of energy from the surface of the metal in watts per 
square centimeter is given in the fourth column while the heat energy corre- 
sponding to the cooling of the metal by its evaporation in the flame is given in the 
fifth column. The observed rate of loss of weight in grams per square centi- 
meter per second is in the sixth column. It is clear that the cooling by evapo- 
ration limits the temperature to which molten metals can be heated except 
in the case of such difficultly volatile metals as molybdenum and tungsten. 


Application of Atomic Hydrogen Flames to Welding of Metals 


The high temperature of this flame, together with its powerful chemical 
reducing action and the avoidance of gases containing oxygen and nitrogen, 
render it particularly useful for welding, not only for iron and its alloys, but 
for such metals and alloys as contain aluminum, magnesium, chromium, 
manganese, etc. 

Since a general account of these applications has already been published,? 
only a brief summary will be given here. The technical development of these 
processes is largely the work of R. A. Weinman. 

Figure 3 illustrates one of the later forms of torch used for welding. Two 
tungsten rods, as electrodes, are held at a definite angle to one another by easily 
adjustable clamps, and a jet of hydrogen is directed from a small nozzle along 





1 These data will soon be published by H. A. Jones and the writer in Phys. Rev. 
* Weinman and Langmuir, Gen. Elec. Rev. 29, 160 (1926). 
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each of these rods near its end. The hydrogen thus bathes the heated parts 
of the electrodes and forms a gentle blast of gas which passes through the arc 
between the electrode tips, and blows the atomic hydrogen away from the 
electrodes so that these are not unduly heated. Other torches have been built 
suitable for automatic welding using machine feed. 

The electrodes are ordinarily separated 3 or 4 mm and the arc assumes 
a fan shape extending 6 to 10 mm from the electrodes. Alternating current 
is generally used. 

Figure 4 illustrates some welds made by the use of this method. At the 
center is shown a weld between two pieces of }/,-inch sheet steel (low carbon). 
The weld is of very high strength and ductility, as is shown by its ability to 
stand the three mechanical embossing operations to which it was subsequently 
subjected, 

The small sample to the left illustrates a particularly severe test for duc- 
tility. The 7/,,-inch sheet metal (low carbon steel) after being welded, as in 
the case just discussed, was folded double along the line of the weld and then 
folded double a second time at right angles to the first fold. The sample shows 
a piece cut from the corner of this double fold. The metal shows no signs of 
cracking. 

The third sample at the right illustrates a cylindrical tube made from low 
carbon steel sheet metal 1/5 inch thick. 

After being welded the tube was flattened at its ends in two directions 
at right angles to each other. The weld showed no signs of failure. 
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A CONTRIBUTION IN MEMORIAM 
By Zay JEFFRIES 


On Juty 19, 1909, when Langmuir joined the Research Laboratory of General 
Electric Company in Schenectady, the incandescent electric lamp had already 
made history. Although many attempts had been made to produce a practical 
incandescent lamp prior to Edison, he accomplished this difficult feat in 1879. 
The advent of his carbon filament lamp ushered in, not only a revolution in 
lighting, but also the birth of a system to provide the electric current and other 
things incident to lighting. This involved, among other things, the development 
of an efficient dynamo, the establishment of a distribution system, the multiple 
type circuit and the use of a voltage (110) which has had an important influence 
on the expansion of electric utility capacity for the past eighty years. 

In Langmuir’s case, Edison’s development of the incandescent lamp and 
the electric system had added significance. In 1878, about a year before the 
invention of the carbon filament lamp, Edison was instrumental in organizing 
a company called the Edison Electric Light Company with a capital of $300,000. 
This company eventually joined forces with the Thompson-Houston Electric 
Company and on April 15, 1892 became the General Electric Company. In 
the fall of 1900 the General Electric Research Laboratory, under the director- 
ship of Dr. Willis R. Whitney, was started in Schenectady. 

For about twenty years after Edison’s lamp invention his carbon filament 
vacuum lamp dominated the field. Then things began to happen which, in 
the course of fifteen years, saw the carbon filament lamp practically disappear 
from the market. This was not a sudden change. New devices had to win 
their own places in a competitive economy. Inasmuch as these new develop- 
ments ultimately led to the supremacy of the tungsten filament lamp, to which 
Langmuir made a revolutionary contribution, it may be in order to briefly 
mention some of the then new developments. 

One of these was the Nernst Lamp which was marketed both abroad and 
here. This appeared in the late 1890’s and did not succumb until about 1911. 
The filament was a rod of oxides containing, among other materials, thorium 
oxide and cerium oxide. Such materials, because of their spectral selectivity, 
had been used in the Welsbach gas light mantle. The rod was not sufficiently 
conducting to be started by the line voltage so a platinum heater filament was 
used to heat the oxide rod to a conducting temperature. When this tempera- 
ture was reached, the platinum was automatically ‘‘cut out” and the rod was 
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further heated by the electric current to a white heat. The quality of light 
was very satisfactory and the efficiency was on the order of 5 lumens per watt 
as compared with Edison’s lamp of about 3.4 lumens per watt. 

After the Nernst lamp had made considerable headway, Dr. Whitney 
invented the ‘“‘General Electric Metallized” (gem) carbon filament lamp with 
an efficiency of about 4.25 lumens per watt and this lamp substantially slowed 
the expansion of the Nernst lamps. In the meantime, Welsbach put an osmium 
filament lamp on the market in Europe but the doubtful advantage over car- 
bon filament lamps, the high cost and the very limited supply of osmium 
combined to make this venture quite insignificant. 

In Germany, about 1901-1903, Von Bolton, of Siemens & Halske, deve- 
loped an incandescent lamp with a drawn wire tantalum filament. Although 
this lamp was marketed both in Europe and in America, it was soon eclipsed 
by the tungsten filament lamp. The main distinction remaining for the tanta- 
lum lamp was that it represented the first practical incandescent lamp with 
a drawn wire filament. 

Next came the tungsten filament lamp of Just and Hanaman. Although 
the filament was substantially pure tungsten and had an initial efficiency 
of about 7.85 lumens per watt, the pressed or squirted filament was brittle 
and fragile at ordinary temperatures. The high efficiency, however, made it 
profitable to design for the fragility in the lamp itself and to adjust the manu- 
facturing steps to minimize process breakage. But the shortcomings of the 
Just and Hanaman filament were responsible for something most important 
in the incandescent lamp art. They gave Dr. William D. Coolidge, a member 
of the Research Laboratory staff, an incentive to make a better tungsten fila- 
ment which he did by producing drawn wire ductile tungsten. This develop- 
ment was just “‘sugaring off’? when Langmuir arrived on the scene. 

It is not to be inferred that either the carbon or the tungsten filament lamps 
gained their dominance easily. The carbon arc lamp was on the market when 
Edison made his invention. Candles, kerosene, gas (both “fishtail’’ and 
Welsbach mantle), gasoline and acetylene lamps were used for one or another 
reason. In the 1890’s, D. M. Moore of the General Electric Company deve- 
loped a gaseous discharge lamp which was efficient, had good color and long 
life. A long, large glass tube was filled with low pressure nitrogen, carbon dioxide 
or air and a high voltage, around 16,000, produced a luminous arc throughout 
the length of the tube. Moore’s inability to produce the lamps in small sizes, 
the high costs, the hazards and difficulties in dealing with such high voltages 
at that time made the lamp impractical. © 

Also in 1901 Peter Cooper Hewitt came out with his mercury vapor lamp 
which was competitive with certain types of incandescent lamps until the 
fluorescent lamp appeared. The efficiency, 12.5 lumens per watt, was 
high but the blue/green color was most unattractive for general lighting 
purposes. 
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The dozen or so years prior to Langmuir’s employment in the Research 
Laboratory probably represented the greatest effort in what would now be 
called industrial research that the world had so far seen. Furthermore, there 
was a high concentration in the new illuminants field. It is not surprising, 
therefore, that the General Electric Research Laboratory had put much of 
its effort on new and improved illuminants during the approximately nine 
years of its existence before Langmuir came. Nor is it surprising that Langmuir, 
who was privileged to select his own research subjects, chose the incandescent 
lamp for special study. This proved to be a happy choice for Langmuir, the 
Research Laboratory, the General Electric Company and the world. 

There is little that can be added to the classic papers in this chapter, ‘““Tung- 
sten Lamps of High Efficiency — I and II’’ describing the evolution of the 
so-called gas filled incandescent lamp. It may be helpful to point out that 
in 1913 when these papers were published the usual way to describe efficiency 
was in the number of watts to produce one mean horizontal candle. In modern 
usage, 1 watt per horizontal candle would be 10.76 lumens per watt. Also 
now the spherical candle is used and one watt per spherical candle would 
be equivalent to 12.57 lumens per watt. 

In the laboratory Langmuir began a study of the fundamentals of the vacuum 
tungsten filament lamp. As a result of these studies he found many ways to 
impair the lamps and thus narrowed the area for possible improvements. Up 
to this time gases in high vacuum lamps had been regarded as poisons and 
much effort had been expended in producing high vacua. Even so, Langmuir 
produced a higher vacuum than any of his predecessors. He thus became 
sure in his own mind that the answer to an improved lamp did not lie in that 
direction. He had to find a way, if possible, to heat the tungsten filaments to 
substantially higher temperatures and, at the same time, minimize the effects 
of the filament evaporation. He did this by adding gas and changing the 
geometry of lamp construction. 

To the outside world his invention seemed bold. It seemed like curing 
a case of arsenic poisoning by administering huge doses of arsenic. But to 
Langmuir it was not bold. His discovery of the fact that the heat loss of a hot 
filament by convection gases was essentially independent of the diameter 
coupled with the known fact that the light output was proportional to the 
surface area put him on the right track. Then when he found that a filament 
formed into a closely coiled helix behaved, insofar as heat losses were concerned, 
much like a solid filament with a diameter equal to the outside diameter of the 
coil he was able to make his great invention. 

It is interesting to speculate about the hypothetical date when some one 
would have stumbled, through trial and error, on the gas filled lamp. Langmuir’s 
profound researches prior to his invention make this speculation unnecessary. 
It seemed at times to Langmuir, while be was making these fundamental 
studies that the company was not getting much for the expenditures. He men- 
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tioned this to Dr. Whitney who promptly told him to proceed in his own way. 
Looking back, this is quite an object lesson in industrial research. In about 
three years after Langmuir started work he had made this great invention. 
The first two years were spent in fundamental studies — a magnificent 
investment by the General Electric Company. 

Application for a United States patent on the gas filled lamp was filed 
on April 19, 1913. Patent No. 1, 180, 159 was issued on April 18, 1916. Although 
this does not constitute one of Langmuir’s published scientific papers, the 
document is so important, for a variety of reasons, that a copy is reproduced 
at the end of this foreword. To anyone sufficiently interested it will not only 
provide a clear picture of the invention but also it will show the complex 
relationships of solid and gaseous materials, geometry, temperature and electri- 
cal characteristics. Only one who had made profound scientific studies was 
capable of combining these variables to produce a practical gas filled lamp. 

The advent of the gas filled lamp resulted in a second revolution in incan- 
descent lamps. As mentioned earlier, Edison created the art and the combina- 
tion of Just and Hanaman and Coolidge caused the first revolution. Essentially 
they substituted tungsten for the carbon of the Edison lamp. Both used high 
vacuum. Langmuir retained the gas tight light transmitting bulb of Edison 
and the tungsten filaments but added a different geometry, a higher filament 
temperature and substituted a filling of an inert gas for the vacuum. The Lang- 
muir lamp came at an opportune time because it was particularly suitable for 
large wattage lamps. The vacuum lamp retained its supremacy in the low 
wattage, higher voltage field but in gas filled lamps there seemed to be no 
upper limit. A few fifty thousand watt gas filled lamps have been made and 
at least one seventy five thousand watt lamp. This lamp made a mockery 
of a statement made by Mr. Alexander Siemens about 1905. He said that it 
was “‘very doubtful whether it will be possible to construct a much more 
economical glow lamp (than the vacuum tungsten), so that the consumer 
will have to look for further economy to the improvement and shespening 
of the electrical supply.” 

The tempo of the tungsten lamp invasion is reflected in the incandescent 
lamp sales in the United States in 1907 and in 1914. In the former year 
for practical purposes there were no tungsten lamps sold. Carbon filament 
lamps represented over 90 per cent and tantalum less than 10 per cent. In 
1914 the tantalum lamp had disappeared and the tungsten lamp had captured 
71% of the market. In the years that followed, the production of non tungsten 
incandescent lamps became insignificant. Vacuum tungsten lamps were used 
for low wattage, high voltage lamps and gas filled lamps accounted for more 
and more of the higher wattage lamps and far outstripped the vacuum lamps 
in total lumen output. 

After the complete dominance of the tungsten filament lamps, certain 
manufactures found it necessary to make such lamps in order to stay in business. 
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According to the opinions of the General Electric legal advisers either the 
Just and Hanaman or the Langmuir patent or both were infringed by this 
manufacture. The validity of both patents was strongiy contested in the 
courts. In the General Electric Co. v. Laco-Philips Co. case the Just and 
Hanaman patent was validated by both the lower court and by the court 
of appeals. Langmuir served as the General Electric expert in this case and 
revealed a new facet of his genius. His profound studies of the characteristics 
of tungsten left no loophole for an effective defense. Much of the scientific 
work on which Langmuir based his testimony is covered in the third, fourth 
and fifth articles in this chapter. 

The validity of the Langmuir patent was tested first in General Electric 
Co. v. Nitro Tungsten Lamp Co. Langmuir also served as the expert for 
the patent in this case. The validity was upheld by both the lower court and 
by the court of appeals. 

Then in an effort to invalidate both of these patents the General Electric 
Co. v. F. Alexander, N. Fabian and Alpha Laboratories, Inc. case was tried. 
Langmuir also experted this case and the validity of both patents was confir- 
med by both the lower court and by the court of appeals. The validity of 
the Langmuir British patent was also contested and the patent was upheld 
in the lower court and its decision was confirmed by the House of Lords. 

In connection with the trial of the Alexander, et al. case, I was fortunate 
to be selected to assist Langmuir. I watched him perform experiments in the 
laboratory. He carried on what was essentially a singie experiment over a period 
of days. At the conclusion he had answers to all of the phases of the case 
on which he would be asked to testify. Also by the time this case was tried, 
the trial judge had arrived at his own estimate of Langmuir. He reminded 
the public in his written opinion that one who had seen and heard Langmuir 
would know that neither employment by General Electric Company nor a re- 
tainer would deflect him from what he believed to be the truth. 

An unsuccessful attempt by the defendants in this case to have the Supre- 
me Court reverse the decision of the court of appeals ended, for practical 
purposes, the litigation of both of these patents. 

Langmuir’s work on tungsten, however, had far reaching scientific signi- 
ficance. Tungsten was considered to be a “‘rare’”’ metal. Its use as a metal 
began with Just and Hanaman. A little had been used as an alloying element 
in steel prior to the end of the last century. At the beginning of this century 
its use became more widespread as the principal alloying ingredient of high 
speed steel. By 1916 when the paper ‘““The Characteristics of Tungsten Fila- 
ments as Functions of Temperature’? was published there is little doubt that, 
not withstanding the newness of tungsten as compared with the old metals 
like iron, copper, tin, lead, gold and silver, the properties of tungsten at ele- 
vated temperatures were better known than those of any other metal. The 
major credit for this should go to Langmuir. He not only used the conventio- 
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nal testing methods but where they seemed inadequate he devised new tests. 
He also developed mathematical relationships among various properties and 
in some cases constructed curves by means of which interpolations and even 
extrapolations could be made. A. G. Worthing and W. E. Forsythe, physicists 
at the General Electric Lamp laboratories in Cleveland, Ohio, became powerful 
allies in extending and refining some of these measurements. Others are still 
extending and refining but to a large extent they are building on the foundation 
laid by Langmuir. Since his early work, the measured and calculated melting 
point of tungsten is placed only a few degrees above his figure. 

From the foregoing one can readily conclude that the incandescent lamp 
and tungsten arts were dynamic. Many people in many places, here and abroad, 
were putting in great effort to invent new lamps, improve the existing lamps 
and reduce the manufacturing costs. One of the results of these efforts deser- 
ves special mention. The gas filled lamp created some problems. One was 
the excessive sagging of the tungsten filaments during the life of the Jamp. 
This was due in part to the higher filament temperature and in part to the 
extra weight of the coiled filaments per unit of effective length. If the sagging 
became so marked as to greatly increase the spacings between the coil turns, 
the efficiency of the lamp began to approach that of a straight filament. This 
situation could be helped by putting in more filament ‘‘supports’’ but this 
also reduced the efficiency. The filament material used in the earlier gas 
filled lamps was ‘‘thoriated’’ tungsten. The thoria had been added to reduce 
the ‘‘offsetting” (displacement of one part of the filament with reference to 
an adjacent part) sometimes encountered on alternating current circuits. 
Dr. Aladar Pacz in the Cleveland laboratories produced, after 218 trials, 
a filament which held its dimensions at the operating temperature so well 
that it was called ‘‘non-sag’’ wire. This non-sag wire is now used throughout 
the world. 

When Pacz produced this wire, no one knew what caused it to be non- 
sag. I was consulting for the Cleveland Wire Works of General Electric Com- 
pany at the time and Mr. B. L. Benbow, the manager, asked me what in my 
opinion could be responsible for the non sag properties. I was working on 
the so-called “‘amorphous cement”’ theory at the time and I ventured the 
opinion that large grains or crystals could be responsible. Fortunately Benbow 
had some gas filled lamps, the filaments of which had not sagged after many 
hours of burning. I polished one of the filaments and put it under the micros- 
cope. The grains were so large that they extended across the whole filament 
diameter. After this, Pacz’s rather involved ‘‘process”’ was simplified by Ben- 
bow and his staff and the production of non-sag filament wire was put on a prac- 
tical commercial basis. The use of non-sag wire has greatly benefited the gas 
filled lamps. The higher voltage gas filled lamps are now made down to and 
including 40 watts, below which the vacuum lamps take over but because of 
ease of manufacture even these are now made of 218 wire. 
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The gas filled lamp triggered another development which has had far reaching 
consequences. In the earlier years, argon was not available. The first lamps 
therefore were nitrogen filled. Soon impure argon gas, a by-product of the 
liquid air industry, was processed to remove impurities which might attack 
tungsten at high temperatures and then a filling composed mainly of nitrogen 
and argon was substituted for nitrogen. This art led to the production of pure 
argon which is now in general use for this purpose. The argon is so pure and 
so inexpensive that it can be and is used fcr a variety of purposes. In the 
process of making pure argon, other noble gases, neon, krypton and xenon 
are also recovered from the air. Because the efficiency of gas filled lamps be- 
comes greater as the molecular weight of the gas increases, a krypton lamp 
was put on the market at one time. However, krypton and xenon are present 
in the atmosphere in such small amounts that it is not practical to use them 
for the filling of the ordinary gas filled lamps. When the Edgerton flash bulb 
was developed, however, xenon was available for the gas filling. 

Since 1914 tungsten lamps have dominated the incandescent lamp market. 
Gas filled lamps have steadily increased in importance as compared with 
vacuum lamps. Miniature low voltage lamps like automobile headlight lamps 
were changed from vacuum to gas filled. The 100 watt vacuum lamp was taken 
off of the market. As the gas filled lamps, such as the 60 watt and 40 watt 
sizes, were adopted the vacuum lamps of the same wattage became casualties. 
There was constant effort to provide the best lamp for each purpose and in 
many instances this led to more and more gas filled lamps. The variety of 
special gas filled lamps became so great that space here does not permit even 
the mention of many of them. They included photographic, street lighting, 
projector, studio lighting, heat, flood, headlight, sign, stadium, hard glass 
lamps and others. A special bi-post base developed by D. K. Wright, made 
it possible to design very efficient gas filled lamps consuming kilowatts of 
electrical energy. The sealed beam reflector-lens lamps, used in particular for 
automobile headlights, are gas filled. 

Even though nearly all incandescent lamps are tungsten lamps, dozens 
of important improvements have been made. Among these, the tipless lamp 
of Mitchell & White, the inside frost bulb of Pipkin and the coiled coil 
filament of Benbow were very significant. Also the phenomenal improvements 
in automatic equipment for making lamp parts and assembling them helped 
to reduce costs greatly. 

Toward the latter part of the 1920’s there began another surge in new illu- 
minant developments. The S-1 sun lamp, the high intensity mercury vapor 
lamp, the high pressure mercury lamp and the sodium lamp were all being 
evaluated at about the same time. The neon sign lamp had already made inroads 
on incandescent lamps in the sign lighting field. Then in the 1930’s the fluores- 
cent lamp burst upon the scene. There were fluorescent cold cathode high 
voltage sign lamps with general illumination possibilities. The Cooper Hewitt 
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mercury vapor lamp was converted to a fluorescent lamp. Finally there came 
the hot cathode fluorescent lamp which could be made in manageably small 
sizes and in any color combination desired and having high efficiencies. Several 
of these new light sources have been used in places where gas filled incandescent 
lamps were formerly used or in new applications which could be taken care 
of by the use of gas filled lamps. In particular the fiuorescent lamps are steadily 
increasing in importance in connection with general indoor lighting. Certain 
of the other new lamps are taking the place of gas filled lamps for special uses 
such as sodium and mercury lamps for street lighting and mercury lamps for 
high bay lighting. If one wishes to evaluate the impact of these new lamps, 
the conclusion seems inescapable that the fluorescent lamp represents another 
revolution in lighting — the first since Langmuir. 

Without minimizing the importance of the fluorescent lamp, the gas filled 
lamp is, at the beginning of the sixth decade of the twentieth century, well 
nigh indispensable. These lamps are made throughout the world by the hundreds 
of millions per year. The numbers of types, wattages and voltages run into 
the hundreds. They best serve the lighting needs for so many uses and in 
so many places that it would be futile to try to enumerate them. These lamps 
embody the gas tight light transmitting bulb of Edison, the tungsten filament 
of Just and Hanaman and Coolidge and the construction and gas filling of 
Langmuir. 

Langmuir’s contribution is so basic that it has survived herculean attempts 
to obsolete it and the time cannot now be foreseen when it may be displaced. 
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1,180,159. 


Specification of Letters Patent. 


Patented Apr. 18, 1916. 


Application fled April 19,1913. Serial No. 763.327. 


To all whom it may concern: 

Be it known that I, Irvino Lanomur, 
a citizen of the United States, residing at 
Schenectady, county of Schenectady, State 
of New York, have invented certain new 
and useful Improvements in Incandescent 
Electric Lamps, of which the following is 
a specification. 

ly present invention relates to improve- 
ments in incandescent electric lamps where- 
by it is possible to produce a lamp 
capable of operating at extraordinarily 
high efficiency and giving a light of marked 
increase in intrinsic brightness and white- 
ness, as will be more fully hereinafter set 
forth. 

In the drawings attached to this specifica- 
tion, Figure 1 is » view of a lamp embody- 
ing my invention, while Figs. 2, 3, 4 and 5 
show modifications within the scope of my 
‘invention. 

I will now proceed to describe in detail 
the lamp shown in Fig. 1, which represents 


-one particular type of lamp embodying my 


invention. 

1 is the lamp bulb, which is decidedly 
elongated ; 2 is a filament of tungsten whic 
may be constructed by any of the now well- 
known squirting or drawing processes. In 
this case the filament is about 10 mils in 
diameter and about three inches long. The 
filament is locnted near the bottom of the 
bulb and is supported by heavy, stiff 
wronght tungsten wires 8, 4, connected 
through conductors 5 and 6 with the exter- 
nal terminals. The lamp bulb is filled with 
nitrogen carefully purified and free from 
water-vapor, admitted at a pressure which 
may be as low as say 50 mm. but which to 
advantage may be atmospheric when the 
lamp is cool. The bulb is finally sealed in 
the usual manner. 

In the manufacture of the lamp I dry 
the gas by carrying it a number of times 
over phosphorous pentoxid, and further I 
thoroughly dry the bulb of the lamp and 
free it from adhering gases and water vapor 
by exhausting for a long time while it is 
heated in a suitable oven to a temperature 
as high as can practically be-realized with- 


out danger of unduly softening the glass, 
and do not admit the dry nitrogen until I 
have in this way removed from the glass 
as far as possible al] traces of water vapor. 

The particular lamp shown is adapted to 
operate at a current of about 8 amperes 
with an efficiency of about .7 to .8 watts 
per candle. At this efficiency the lamp has 
substantially the commercial useful life of 
standard lamps on the market at the pres- 
ent time, the drawn-wire tungsten lamps, 
which with a corresponding life have an 
efficiency of about 1 to 1} watts per candle. 

The efficiency of an incandescent lamp of 
a given type and construction is in general 
directly related to its useful life, that is 
to say, a lamp which will operate at 1} 
watts per candle for 1,000 hours useful life 
can be run at one watt per candle by simply 
increasing the voltage to which it is sub- 
jected, but the useful life will be much 
shortened, and the same lamp set up at .5 
watts per candle will be blackened and de- 
stroyed in a few minutes. 

It is not new in the art to use an incan- 
descent lamp filament of tungsten, as such 
filaments are well known and in common 
use on a large scale. It has been suggested 
in the past to introduce into a lamp bulb a 
neutral atmosphere at a fairly high pres- 
sure, but I am not aware that any such 
lamps have ever been used commercially or 
have been technically successful. 

It was at one time proposed to introduce 
nitrogen into the bulb of a lamp having a 
carbon filament, and, in order to reduce the 
convection losses, that the filament should 
be reduced to “a smaller cross section than 
usual heretofore.” The lamp was a fuil 
ure for reasons which, in the light of the 
work which I have done, can readily be 
pointed out. In the first place, as will ap- 
pear more fully hereafter, the reduction of 
the cross section of the filament was a step 
decidedly in-the wrong direction, but also 
very serious is the chemical action between 
the nitrogen and the carbon of the filament, 
which at the temperature of incandescence 
react on each other to form cyanogen, and 
ultimately para-cyanogen. This action not 
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ouly obscures the bulb by a deposit of a 
brown powder of para-cyanogen, but also 
destroys the filament. It was also proposed 
to use cyanogen in place of nitrogen, but 
this combination also is inoperative since 
the cyanogen decomposes and deposits car- 
bon on the filament, so that the size of the 
filament continually increases and its resist- 
ance continually decreases, and if the lamp 
be placed in multiple across the mains so 
that it is supplied with constant potential, 
the action is a cumulative one, the lamp 
“runs away,” that is to say, the filament 

ws in size and temperature until in a 
few minutes it is destroyed, while if on the 
other hand it is operated in series on @ con- 
stant current circuit, its reduced resistance 
reduces its temperature and its efficiency is 
lost. . 7 

My experience has shown that it is neces- 
sary that certain relations exist between the 


atmosphere of the lamp and the ‘material | 


of the filament. The combination which I 
have found to be most suitable is the one 
above described. Tungsten possesses a 
at advantage over carbon which renders 
it highly suitable for use in my improved 
lamp, in that it has not only a high melting 
point but also a very low vapor pressure at 
high temperatures. The light emission 
from a lamp is in proportion to the eleventh 
power of the nbsolute temperature, so that 
a very slight increase of temperature above 
that normally used in incandescent lamps 
brings about a very considerable incrense in 
efficiency. This increase is sufficiently great 
in lamps constructed in accordance with 
my invention to produce the striking results 
above described, in spite of the fact that a 
certain amount of heat is wasted by convec- 
tion; but carbon in an atmosphere of nitro- 
gen or cyanogen, irrespective of the vital 
ifficulties, above mentioned, has the prop- 
erty of slowly vaporizing at temperatures 
corresponding to three watts per candle, 
and a very slight increase of temperature 
causes a considerable increase in the rate of 
vaporization; so that a carbon lamp op- 
erated either in a vacuum or in the manner 
described by Edison becomes blackened in 
a few minutes if the efficiency be pushed 
even to two watts per candle. Moreover, 
with an efficiency of two watts per candle 
the life of a carbon filament up to the point 
of burn out is very short and when operat- 
ed in nitrogen is very much shorter than 
when operated in a vacuum. 

One important feature of mv invention 
consists in so correlating the filament ma- 
terial with the atmosphere that the atmos- 
phere reduces the tendency of the material 
to vaporize, and makes it possible to op- 
erate commercially at higher efficiencies 
than can be realized with the same material 
in a vacuum. 
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Nitrogen does not attack the tungsten 
filament, even at the high temperatures 
mentioned, though it may react on tungsten 
vapor in the Inmp, with the formation of 
nitrid of tungsten, a material which is less 
opaque than tungsten. In addition nitro- 
gen is peculiarly suitable as an atmosphere 
because of the fact that it has a low heat 
conductivity. 

The losses from the filament are of three 
sorts: firsty the direct radiation; second, 
the conduction through the atmosphere in 
the bulb; and third, convection. Direct 
radiation of energy from the filament is de- 
sirable, since it is this radiation, or a por- 
tion of it, which constitutes the light. The 
other two losses are harmful and should be 
minimized as far as possible; in commercial 
practice they have been reduced to the 
owest limit by the use of a very high 
vacuum. 

In place of nitrogen I may use various 
other gases or vapors, provided that they 
are properly correlated to the material of 
the filaments. For example, I may use 
with a tungsten filament, which filament I 
have heretofore found to be the best suited 
to my inventicn, an atmosphere consisting 
of argon, or mercury vapor, or other 
gaseous filling having sufficiently poor heat 
conductivity and satisfying the other re- 
quirements herein indicated. Carbon mon- 
oxid may also be used as an atmosphere in 
the lamp but is not-as advantageous as 
those already mentioned. Hydrogen, how- 
ever, is distinctly unsuitable because it has 
good heat conductivity and because it ap- 
pears to dissociate at the high temperatures 
at which the filament of my improved lamp 
must be run, the temperatures being in ex- 
cess of that of a tungsten filament when op- 
erating in a vacuum at an efficiency of one 
watt per candle. The pressure of the at- 
mosphere in the bulb should be relatively 
high. I obtain Food results for example 
with a pressure (measured when the lamp 
is cold) of 300 millimeters of mercury, or 
as low as 50 millimeters, but higher pres- 
sures are preferable, and indeed I usually 
employ pressures of about one atmosphere. 
The pressure should not however be so high 
as to involve any danger of destroying the 
bulb when the filament is heated. Not only 
do these high pressures, when utilized in 
accordance with my invention, reduce the 
tendency of the filament to vaporize or 
waste away, but the convection currents set 
up in the gas surrounding the filament serve 
to convey away from the vicinity of the 
filament any vapor which may be emitted. 
By properly proportioning and designing 
the parts the material constituting this 
vapor may be deposited at portions of the 
lamp where it is not objectionable. For 
example, in the lamp shown in Fig. 1 the 
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upper portion of the bulb acte as such 

depositing » while the lower por- 

tion remains clear. The depositing action 

is different than in a vacuum lamp for in 
8 the latter case the depositing area in the 
bulb and the light emitting area largely 
correspond. 

With the ordinary incandescent lamp a 
very minute emission from the filament will 
blacken the bulb and seriously reduce the 
total efficiency, but in lamps constructed 
in accordance with this feature of my inven- 
tion the life of the lamp is not so limited, 
and a very considerable loss of material from 
the filament can take place. From this point 
of view it is desirable to operate with fila- 
ments of large diameter. But there are 
other reasons why the diameter of the fila- 
ment has an important bearing on my in- 
vention. I have already spoken of the loss 
of energy by convection and conduction; I 
have found that within moderate limits these 
losses are approximately independent of the 
size of the filament; that is to say as be- 
tween a filament 10 mils in diameter and 
a filament 3 mils in diameter there is very 
little difference in the magnitude of the con- 
duction and convection losses, but the sur- 
face areas of the two filaments are in the 
ratio of ten to three, and as the light emis- 
sion at a given temperature is proportional 
to the surface, the 10-mil filament will radi- 
ate more than three times as much light as 
the three-mil filament, and it is this fact, in 
combination with the reduced vaporization 
obtained by suitable choice of filament and 
atmosphere, and the other features of inven- 
tion herein described, which enables me to 
attain the efficiency above indicated. 

In a lamp made in accordance with my 
invention, with a 10-mil filament operating 
at an efficiency of .52 watts per candle, I fin 
that the filament is operating at a tempera- 
ture which, if the filament were in vacuum, 
would correspond to an efficiency of 0.37 
watts per candle; the difference of 0.15 watts 
represents the convection and conduction 
losses. Of course if an attempt be made to 
operate an ordinary tungsten filament in- 
candescent lamp at any such efficiency as 0.37 
or even 0.52 it rapidly blackens and is de- 
stroyed. By employing filaments of still 
larger diameter, and especially if they be 
concentrated by coiling or otherwise, the effi- 
ciency may be still further raised. Thus I 
have caused lamps to be constructed in ac- 
cordance with my invention having coiled 
or helically-wound filaments of tungsten 
wire of 20 mils in diameter and operating 
with a current in the neighborhood of 20 am- 
peres. The candle power was comparable to 
that of an arc lamp and the efficiency was 
about .4 of a watt per candle. Owing to the 
large size of this hghting unit the bulb was 
@8 made very large to avoid overheating. 
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An incidental but valuable result of m: 
invention is the elimination of the so-call 
“Edison effect,” which renders the lamps of 
my invention peculiarly suited for high-voli- 
age work, though the large filaments which 
I find give the best results also render the 
lamps suitable for series circuits carrying 
currents of considerable magnitude, on 
which the voltage consumed in each lamp is 
usually relatively low. 

The advantages of a large filament may 
to a considerable extent be realized by the 
use of a small filament in concentrated form 
as a coil or spiral form, as shown in Fig. 2. 
Moreover, as already indicated, the windin; 
of a large diameter filament in concentrati 
form, as by coiling, still further increases the 
efficiency attainable. 

Fig. 3 shows a lamp in which the spiral 
filament 12 is located practically at the cen- 
ter of the bulb 13 and is supported by heavy 
bare tungsten leads 14. The lamp of Fig. 3 
differs from the lamp of Fig. 2 in that the 
bulb is spherical instead of elongated. In 
this case the bulb must be of considerable 
size, and in fact in all cases it is better that 
the bulb should be of relatively large size 
with respect to the filament in order to avoid 
overheating. 

The heavy tungsten leads 14 are capable 
of enduring the intense heat of the gases 
without giving off water-vapor, and these 
gases as they rise become cooler so that when 
they reach the seal 15 and the adjacent glass 
parts, they are prepared to deposit the tung- 
sten which they carry with them and at the 
same time do not cause harmful heating. I 
find however that the use of long tungsten 
leads, though highly desirable, is not essen- 
tial. For example, in Fig. 4 and Fig. 5 I 
have shown an arrangement by which the 
filament may be so supported that the hot 
gases which arise from it do not come in 
contact ‘with the seal or with the supports. 
This result is secured in Fig. 4 by locating 
the filament 16 above the seal or glass sup- 
port 17, in which case the filament may 
carried by short leads 18, which may he of 
tungsten, molybdenum, or other suitable ma- 
terial, which may extend up from the seal 
17. Similarly in Fig. 5, the seal 19 extends 
in from the side of the bulb horizontally. 

What I claim as new and desire to secure 
by Letters Patent of the United States, 1s.— 

1. In an incandescent lamp, the combina- 
tion of the closed lamp bulb, a gaseous fill- 
ing therein of substantial pressure at the 
operating temperature of the lamp and of 
substantially poorer heat conductivity than 
hydrogen, and a filament of such high melt- 
ing point and low vapor pressure that it 
may be operated during a long useful life 
at a temperature higher than that of a 
tungsten filament operating in a vacuum at 
an efficiency of one watt per candle. 
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2. In an incandescent lamp, the combina- 
tion of the lamp bulb, a gaseous filling 
therein of considerable pressure at the oper- 
ating temperature of the lamp and of poor 
heat conductivity, and a filament of metal 
having such high melting point and low va- 
por pressure that the filament may be oper- 
ated during a commercially useful life at a 
temperature higher than the temperature of 
the filament of a vacuum tungsten lamp. op- 
erating at an efficiency of one watt per 
candle. 

3. In an incandescent lamp, the combina- 
tion of the lamp bulb, a gaseous filling 
therein of substantial pressure at the oper- 
ating temperature of the lamp and havin, 
a heat conductivity poorer than that oi 
hydrogen, and a filament of large effective 
diameter and of metal having high melting 
point and low vapor pressure so that. the 
filament may be o erated during a tong 
useful life at a temperature and at an effi- 
ciency higher than would be permissible to 
give the same useful life if the filament 
were operated in a vacuum. 

4. The combination of a lamp bulb, a fill- 
ing therein of dry nitrogen at a pressure 
muterially in excess of that corresponding to 
50. millimeters of mercury and a filament of 
tungsten of large effective diameter, the fila- 
ment being thereby adapted for operation at 
f temperature higher than that which it 
would have if operated in a vacuum at an 
efficiency of one watt per candle. 

5. An incandescent electric lamp having a 
filament of tungsten of large effective diam- 
eter and a bulb or globe therefor filled with 
dry nitrogen at a pressure as high or higher 
than that corresponding to 300 millimeters 
of mercury, the filament being thereby 
adapted for operation at a temperature 
higher than that which it would have if 
operated in a vacuum at an efficiency of 
one watt per candle. 

6. An incandescent electric lamp having a 
filament of large effective diameter formed 
of refractory metal having very low vapor 
pressure, and a bulb therefor filled with a 
gas of poorer heat conductivity than hydro- 
gen and at a pressure exceeding that cor- 
responding to 50 millimeters of_ mercury, 
the filament being thereby adapted for op- 
eration at a temperature higher than that 
which it would have if operated in a vacu- 
um at an efficiency of one watt per candle. 
. 7, An incandescent lamp consisting of a 
lamp bulb, a filament of a material having 
n high melting point and low vapor pres- 
sure located therein, the upper portion of 
the lamp bulb serving ns a condensing cham- 
ber or deposit chamber for material va- 
porized from the ‘filament, a gas or vapor 
of poorer heat conductivity than hydrogen 
and of a pressure materially in excess of 
65 that corresponding to 50 millimeters of 
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mercury, and a filament so proportioned in 
size that the lamp will emit light at an 
efficiency higher than the efficiency the fila- 
ment would have in a vacuum if operated 
a0 a to have approximately the same useful 
ite. 

8. An incandescent lamp having a lamp 
bulb provided with a space serving as a de- 
posit chamber, a filament of a material hav- 
ing a high melting point and low vapor 
pressure located below the deposit chamber, 
and an atmosphere in the bulb consisting of 
@ pressure of gas or vapor materially in 
excess of 50 millimeters of mercury and 
having poorer jheat conductivity than 
hydrogen. 

9. An incandescent lamp having a lamp 
bulb provided with a space serving as a de- 
posit chamber, a filament located below the 
deposit chamber, and an atmosphere in the 
bulb consisting of a pressure of a poor heat 
conducting gas ‘materially in excess of 50 
millimeters of mercury, the said filament 
being of such diameter and of such material 
that it may be operated at a temperature in 
excess of that of a tungsten filament operat- 
ing in a vacuum at an efficiency of one watt 
per candle for a long time before wasting 
away to such a point as to break or become 
of unduly high resistance. 

10. The combination in an incandescent 
lamp having during operation an atmos- 
phere in the bulb of relatively high pressure 
and of poorer heat conductivity than hydro- 
pen, of a filament of a material having a 

igh melting point and low vapor pressure 
and capable of operation without undue 
blackening of the bulb for a reasonable com- 
mercial life at an efficiency higher than 
could be obtained with the same length of 
life with such a filament in a vacuum. 

11. The combination of a closed bulb or 
container, a gaseous filling therein of a pres- 
sure when the device is in operation mate- 
rially in excess of that corresponding to 50 
millimeters of mercury and of substantially 
poorer heat conductivity than hydrogen, 
and a filament of large effective diameter, 
and of material of such high melting point 
and low vapor pressure that it may be op- 
erated drring a long useful life at an effi- 
ciency better than one watt per candle. 

12. In an incandescent lamp, the combi- 
nation of the lamp bulb, a tungsten filament 
therein, and a gaseous filling, the effective 
diameter of the filament being sufficiently 
large and the heat conductivity of the filling 
being sufficiently poor to permit the lamp 
to be operated with a filament temperature 
in excess of that of a vacuum tungsten lamp 
operating at an efficiency of one watt per 
candle and with a length of life not less 
than that of such a lamp. 

13. An incandescent electric lamp havin; 
a closely coiled tungsten filament, the col 
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giving the effect of a filament of large di- 
ameter, an inclosing bulb and a filling of 
gas having a materially poorer heat con- 
ductivity than hydrogen and at a pressure 
6 as high or higher than 300 millimeters of 
mercury, the filament being adapted’ for op- 
eration, in said gaseous filling at a tempera- 
ture higher than that which it would have 


Google 


if operated in a vacuum at an efficiency of 
one watt per candle. 10 


In witness whereof, I have hereunto set 


my hand this eighteenth day of April, 1913. 
LANG) 


. IRVING MUIR. 
Witnesses : 


W. J. Grecan, 
Leo C. Foss, 


TUNGSTEN LAMPS OF HIGH-EFFICIENCY —I AND II* 


With J.A. ORANGE as co-author 


Transactions of the American Institute of Electrical Engineers 
Vol. XXXII, 1913, October (1913). 


ABSTRACT OF Papers. The first paper describes investigations into the cause of blackening 
of the bulbs of tungsten lamps and discusses methods whereby this effect is avoided and the 
efficiency of the lamp thereby increased. The second paper describes in detail the high-efficiency 
tungsten lamps which have been produced by filling the bulbs with nitrogen vapor at approxi- 
mately atmospheric pressure. 

The blackening of ordinary lamps has generally been considered due to the presence of resid- 
ual gases which adhere to the surface of the glass or are occluded in the filament. These investi- 
gations show that of the residual gases, water vapor is the only one which causes perceptible 
blackening by means of a cyclic process in which the water oxidizes the filament, the oxide is 
volatilized and deposited on the bulb, where it is reduced to metallic tungsten and the water 
vapor again formed. This action, however, is shown to occur only in poorly exhausted lamps, 
and the real cause of blackening in well-exhausted lamps is due to evaporation of the filament 
alone. The methods of improving the efficiency of the tungsten lamp consist of the introduction 
of gas into the bulb at atmospheric pressure and changing the location of the deposits by means 
of convection currents in the gases so that the glass opposite the filament is not darkened. 

By making use of these principles, practical tungsten lamps have been produced having a life 
of over 2000 hours and an average specific consumption of one-half a watt or less per candle 
power. A number of different types of nitrogen-filled tungsten Jamps are described in detail. 


TUNGSTEN LAMPS OF HIGH-EFFICIENCY — I 


BLACKENING OF TUNGSTEN LAMPS AND METHODS 
OF PREVENTING IT 


WHILE the transformation of electrical energy into heat or even into mechan- 
ical energy has for many years been accomplished with efficiencies well 
above 90 per cent, the artificial production of light has been notoriously inef- 
ficient. 

The first carbon incandescent lamps had efficiencies of five to six watts 
per mean horizontal candle, but were gradually improved over a long period- 


* [Eprror’s Note: This paper was presented at the 280th meeting of the American 
Institute of Electrical Engineers, New York, October 1913. It also appeared under the title, 
“The Nitrogen Filled Lamp”, Gen. Elec. Rev. 16, 688 (1913), and was also published in 
Gen. Elec. Rev. 16, 956 (1913).] 
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of years to about 3.1 watts per candle, until finally by the use of the metallized 
filament an efficiency of 2.5 watts per candle was reached commercially. Since 
the introduction of the metallized carbon filament progress with other types 
of lamps has been comparatively rapid, and at the present time the most effi- 
cient commercial incandescent lamp, the lamp with a tungsten filament, has 
an efficiency from one to one and a quarter watts per candle in the ordinary 
sizes. 

Notwithstanding this decided improvement, we are still far from the theoret- 
ical maximum of efficiency that would be attained if all the energy of an elec- 
tric circuit were converted into visible light. Drysdale (Proc. Roy. Soc. 80, 19 
(1908)) has shown that perfect efficiency for the production of white light 
would be about 0.10 watts per candle, whereas with the production of a mono- 
chromatic yellow-green light, the efficiency would reach as high as 0.06 watts 
per candle. 

The luminous efficiency of the ordinary tungsten lamp is therefore not 
better than about 6 to 10 per cent. 

It is well known that tungsten lamps can be run at voltages much higher 
than their rated voltage, and that in this way extremely high efficiencies may 
be obtained, but that the life of lamps run under these conditions is so short 
that the increased cost of renewals more than offsets the saving in electrical 
energy. It is readily seen that the limit of the commercial efficiency of tungsten 
lamps is therefore not determined by the melting point of the tungsten. In 
fact, if the temperature of the filament is raised to the melting point, the effi- 
ciency for a period of a few seconds may be as high as 0.20 watts per mean 
horizontal candle. , 

The causes which have made it necessary to operate tungsten lamps at 
such relatively low efficiencies as one watt per candle have been little under- 
stood. It seemed, therefore, that an investigation of the phenomena occurring 
in tungsten lamps, carried out with a view of reaching a clear understanding 
of the causes of the failure of the lamps, might possibly open the way to the 
discovery of methods by which the efficiency could be greatly improved. 

The present paper is a description of some experimental and theoretical 
work, extending over a period of many years, which has now resulted in the 
production of a new type of tungsten lamp; a lamp which will give a life of 
more than 1000 hours, at an efficiency in the neighborhood of 0.50 watt per 
candle. 


Investigation of Cause of Failure of 
Ordinary Tungsten Lamps 


Ordinary tungsten lamps fail, in general, in one of two ways, namely, either 
by breakage of the filaments, or by blackening of the bulb. In ordinary practise 
the useful life of the lamp is considered to be the time which the lamp burns 
before its candle-power has fallen to 80 per cent of its original value, or until 


12 Langmuir Memorial Volumes II 


Google 


178 Tungsten Lamps of High-efficiency 


the filament breaks, in case this occurs while the candle power is still above 
80 per cent. 

The breakage of the filament was a very serious factor in the early tungsten 
lamps, as the filament material was extremely brittle. This difficulty has now 
been overcome by the production of ductile tungsten wire! and by better 
methods of mounting the wire in the bulbs, so that lamps can now be made 
which are so strong that a blow is more likely to break the bulb than the fila- 
ment. 

The life of tungsten lamps is therefore at present practically determined by 
the rate at which the candle power decreases. The main cause of this decrease 
is evident by mere inspection of a lamp which has run several hundred hours. 
It is due simply to the blackening of the inner surface of the bulb. It is true 
that the candle power of the filament itself changes somewhat during its life, 
but this change, on the whole, is an increase in candle power, rather than a de- 
crease. Careful measurements show that during the first few hours running 
there is usually a slight increase in candle power owing to some change in the 
surface of the filament which causes greater emissivity of light, or to 4 slight 
increase in the conductivity of the filament which leads to an increase of the 
current and therefore a higher filament temperature. On the other hand there 
is a tendency towards a lowering of the candle power during the latter part of 
the life owing to the decreasing diameter and consequent fall in temperature 
of the filament. Both these causes are insignificant in their effect, as compared 
with the blackening of the bulb. 

The reason for the limited life of the tungsten lamps when run at an effi- 
ciency of one watt per candle, and therefore the reason that higher efficiencies 
could not be obtained in practise, was evidently the blackening of the bulb. 

The cause of this blackening was the subject of much speculation. The 
prevalent opinion seemed to be that in a normally operated lamp it was due 
to disintegration of the filament, caused by the presence of traces of residual 
gas, whereas in lamps run at much more than their rated voltage it was per- 
haps caused by evaporation. Others, however, considered it due to leakage 
currents of electricity (Edison effect) across the space between the positive 
and negative end of the filament. It is well known that discharges through 
gases at low pressures, cause a marked disintegration of the cathodes. Still 
others were of the opinion that the blackening of the bulb was due primarily 
to evaporation of the filament. 

In the manufacture of carbon incandescent lamps, it had been found nec- 
essary to use a relatively high vacuum, as otherwise the lamps were found 
to have a very short life. That is, the bulbs blackened rapidly or discharges 
occurred between the two ends of the filament, finally resulting in the for- 
mation of an arc which destroyed the lamp. Various attempts had been made 


1 Coolidge, Trans. A.I.E.E. 29, 961 (1910). 
Fink, Trans. Am. Electrochem. Soc. 17, 229 (1910). 
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to prevent the blackening by the introduction of gases at various pressures 
in the lamp. For example, Edison (U.S. Patent 274,295, March 20, 1883) 
proposed introducing nitrogen or cyanogen at relatively high pressures, into 
lamp bulbs, for the purpose of preventing the electric discharge between the 
positive and the negative end of the filament. In this way he hoped to prevent 
blackening. These attempts, however, were completely unsuccessful, and it 
can be readily shown in the case of a carbon lamp, run at say 3 watts per candle 
and containing nitrogen at atmospheric pressure, that the filament loses weight 
more rapidly than when run in a vacuum at the same efficiency. Similar exper- 
iments with cyanogen, or even cyanogen mixed with nitrogen, always give 
lamps which, when run at 3!/, watts per candle, give a much shorter life than 
that of similar lamps with evacuated bulbs run at the same efficiency. 

At a later date, in order to account for this failure to obtain good lamps 
without a vacuum, the theory was advanced that the presence of a chemically 
inert gas in a lamp caused a rapid disintegration of the filament by a mechan- 
ical “washing,” the idea presumably being that the rapid motion of the gas 
molecules striking against the surface of the filament caused a disintegration 
of the filament. The general experimence of those engaged in the manufacture 
of lamps did not bear out this theory and it was therefore gradually superseded 
by others in which the disintegration of the filament was considered to be 
due to chemical or electrical action of residual gases, rather than to simple 
mechanical ‘‘washing.”” 

In the commercial production of lamps it was found necessary at first to 
use mercury pumps of the exhaustion of the lamps; mechanical pumps were 
not good enough. Later it was found possible to obtain a sufficiently good 
vacuum with mechanical pumps, which by that time had been considerably 
improved, by introducing red phosphorus into the stems of the lamps and by 
volatilizing this phosphorus into the lamp just before sealing off, and at the 
same time heating the filament to a much higher temperature than that at 
which it was to run normally. It should be pointed out that not only was it 
necessary to use some such special method of exhaust, but in order to obtain 
lamps of good life, the bulbs themselves had to be heated to a high temperature 
during the exhaust, in order to drive off any gases condensed on the surface 
of the glass. It is interesting to notice that the lamp manufactures had adopted 
these precautions in obtaining a high vacuum long before the necessity for 
them was realized by most scientific investigators engaged in work with high 
vacuum. 

When the lamp factories began the manufacture of tungsten lamps, they 
found that much greater precautions were needed in the exhaustion of these 
lamps than had been necessary for the ordinary carbon lamps, and many 
improvements in the methods of exhaustion were adopted. 

Unless all this care was taken to obtain the best possible vacuum, there 
were striking evidences of the presence of residual gas in the lamps after they 
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were sealed off. For example, if the normal voltage of the lamp was suddenly 
applied, a flash of blue glow appeared. Gradually, after a few flashes, this dis- 
charge would disappear. This was taken to indicate that the vacuum had been 
“cleaned up” by the discharge. A similar action of an electric discharge is 
known in Geissler tubes and X-ray tubes. 

In carelessly exhausted lamps, the blue glow would often persist, gradually 
getting worse, until the lamp “‘arced across,” destroying the filament. 

The effect of a poor exhaust was thus to cause the lamps to arc across during 
the aging process, or to cause them to blacken prematurely. 

The general factory experimence thus confirmed the opinion that the black- 
ening of the bulb was due primarily to minute traces of residual gas, or to 
electrical discharges within the lamp. 

Much evidence had also gradually accumulated in this laboratory showing 
that even remarkably low pressures of gases often produced very rapid black- 
ening of the bulbs. A brief account of the early work along these lines has 
been presented before this Institute by Dr. W. R. Whitney (Trans. A. I. E. E. 
31, p. 921, 1912). 

Various attempts to improve the life of lamps by obtaining a better vacuum 
than usual, had not been very successful. This failure, however, could not be 
taken as proof that a better vacuum would not improve the life. In the first 
place, it had been found that the vacuum of a lamp gradually improved after 
sealing off (“‘clean-up” effect), the pressure finally reaching a value probably 
lower than that directly obtainable by any of the well known methods of exhaust- 
ing. Yet even where we had pressures lower than would be indicated by the 
most sensitive vacuum gages, we often had clear indications that the black- 
ening of the bulb was due to imperfect exhaust. It seemed quite possible, there- 
fore, that there might remain, in lamps, minute traces of some gas or vapor 
which we had not yet learned to remove by our usual methods of exhaust. 
This residual gas might easily be the cause of the gradual blackening of the 
bulbs. 

Since the pressures were too low to measure, we had no way of definitely 
knowing whether one method of exhaust was better than another, so that any 
failure to improve the life by a new method of exhaust might simply mean that 
the vacuum had not been improved. 

It seemed, therefore, that the question as to whether a better vacuum would 
give a better lamp could only be settled by a direct investigation of the cause 
of the blackening. 

Two lines of attack were decided upon: 

1. Study of the sources of gas within a lamp. 

2. Effects produced in lamps by various gases. 

To facilitate this work, an elaborate pizce of vacuum apparatus was built 
consisting of an improved form of Tépler (mercury) pump, a sensitive McLeod 
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gage and a vacuum oven in which lamps could be heated and exhausted without 
being subjected to atmospheric pressure from without. Provision was made 
for the introduction at will of small quantities of any gas to the lamp. Special 
apparatus was devised by which gas analyses could be made with extremely 
small quantities of gas evolved within the lamp. For example, it is possible 
with this apparatus to make a quantitative chemical analysis of a single cubic 
millimeter of gas and determine the following constituents: oxygen, nitrogen, 
hydrogen, carbon dioxide, carbon monoxide and argon.’ 


Sources of Gas Within the Lamp 


There are four sources of gas within the lamp bulb: first, residual gas left 
by evacuation; second, gas given off by the filament; third, gas from the lead-in 
wires or the anchors; and fourth, the gas given off by the glass. 


1, Residual Gas.— The mechanical pumps ordinarily used in exhausting 
lamps produce a vacuum of about 0.001 mm, according to the McLeod gage. 
This is probably about the pressure of the non condensible gases left in the 
lamp. Besides this, however, there must be some water vapor and oil vapor, 
and if the filament has been lighted during the exhaust, as is usually the case, 
there will be some carbon monoxide, carbon dioxide, and hydrogen produced 
by the action of the filament on the vapors. Probably most of these gases are 
nearly completely removed, or precipitated on the walls of the bulb, by the 
clean-up that occurs when the phosphorus is volatilized into the lamp and a blue 
glow made to occur. The final pressure, just after sealing off, is usually in 
the neighborhood of 0.001 mm or less. 


2. Gas from the Filament.— The prevalent opinion, as expressed gen erally 
in scientific literature, is that metals when heated to very high temperature 
in vacuum, evolve very large quantities of gas. For example, in a recent article, 
Prof. J. J. Thomson (Nature, 91, p. 335, 1913) says: “Belloc, who has recently* 
published (Ann. de Chimie et de Physique (8) 18, p. 569) some interesting exper- 
iments on this subject, after spending about six months in a fruitless attempt 
to get a piece of iron in a state in which it would no longer give off gas when 
heated, came to the conclusion that, for practical purposes, a piece of iron 
must be regarded as an inexhaustible reservoir of gas.” Thomson’s own exper- 
ience is quite similar. 

That the effect of the presence of gas in the metal is considered of impor- 
tance in connection with the disintegration, is evident from the following 
quotations from J.J. Thomson’s book on Conduction of Electricity Through 
Gases (1906 edition). On page 215, he says: “The facts just mentioned sug gest 
that the gas absorbed by the platinum and slowly given off when heated plays 
an important part in the carriage of the electricity from the wire.” ‘“— The 
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emission of absorbed gas from the platinum is, however, according to Berliner 
(Wied. Ann. 33, p. 289, 1888), closely connected with the disintegration of 
the platinum wire which takes place when the wire is kept glowing and which 
is made evident by a deposit of platinum or platinum oxide on the walls of 
the tube and a diminution in the weight of the hot wire: the carriers of 
the electricity might thus be the dust or vapor of platinum escaping from 
the wire.” Then, on page 216: “There is thus a close similarity between 
the laws of disintegration of the wire and those of the leak of positive 
electricity from it.” 

On page 550, in speaking of the gases given out by the cathodes of vacuum 
discharge tubes, he says, in discussing some work of Skinner (Phys. Rev. 21, 
p- 1, 1905): ‘‘The amount of hydrogen that can be got out of cathode in this 
way is very large; thus, from a silver electrode 0.15 cu. cm in volume, Skinner 
obtained about 2 cu. cm of hydrogen at atmospheric pressure, without any 
indication that the supply was in any way exhausted.” 

The first few experiments (see J. Am. Chem. Soc. 35, 105, 1912) on the 
gases evolved from the filament of a tungsten lamp also seemed to show the 
presence of inexhaustible supplies of gas within the filament. Later work prov- 
ed, however, that this gas was not actually evolved from the filament, but 
was produced from the decomposition by the filament of water vapor or hydro- 
carbon vapors present at extremely low pressure in the bulbs. It was finally 
found that with small filaments, such as are used in lamps, the gas evolved 
by heating is not more than from three to ten times the volume of the filament. 
By thoroughly cleaning the surface of the wire before heating, the amount 
of gas is usually not over half as great. The surprising fact was observed that 
at least 90 per cent of the gas was given off within a few seconds on first heat- 
ing the wire to a temperature exceeding 1500 deg. cent. At a temperature 
Pelow 1200 deg. however, the gas is given off only very slowly, if at all. The 
gas consists of about 70 to 80 per cent carbon monoxide, the remainder being 
mostly hydrogen and carbon dioxide. The total amount of gas evolved from 
the filament of a 40-watt lamp, if liberated in the lamp after sealing off, would 
produce a pressure of from 0.006 to 0.02 mm. 


3. Gas from Lead-in Wires and Anchors.— In many of the larger lamps, 
where the leads or anchors become very hot, there are often clear indications 
that the gas evolved from this source has a marked effect on the life, particularly 
on the tendency to arc across during aging. In the experimental lamps made 
with small sizes of wire, the quantities of gas obtained from this source were 
found to be too small to measure. 


4. Gas from the Bulb.— On heating bulbs of 40-watt lamps for three hours 
to a temperature of 200 deg. cent., after having dried out the bulbs at room 
temperature for 24 hours by exposure in a good vacuum to a tube immersed 
in liquid air, the following average quantitics of gas were given off: 
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200 cu. mm water vapor 
5 cu. mm carbon dioxide 
2 cu. mm nitrogen 


These are the quantities of gas, liberated by the heating, expressed in cubic 
millimeters at room temperature and atmospheric pressure. 

By raising the temperature of the bulbs from 200 deg. to 350 deg., an addi- 
tional quantity of water vapor was obtained, so that the total now became 


300 cu. mm water vapor 
20 cu. mm carbon dioxide 
4 cu. mm nitrogen 
A subsequent heating of the bulbs to 500 deg. cent. caused the total amount 
of gas evolved to increase up to 
450 cu. mm water vapor 
30 cu. mm carbon dioxide 
5 cu. mm nitrogen 

At each temperature the gas stopped coming off the glass after a half hour 
of heating, only to begin again whenever the temperature was raised to a higher 
value than that to which the bulb had been previously heated. 

It therefore seems that even by heating the bulb to 500 deg., not all of the 
water vapor can be removed, but it does seem probable that after this treat- 
ment the amount of water vapor that can come off a bulb at ordinary .temper- 
atures must be extremely small. 

This study of the origin of the gases within a lamp thus led to the following 
important conclusion: 

The amounts of residual gas, together with all the gas that is given off by 
the filament and its supports, are quite insignificant as compared with the gas 
on the inner surface of the bulb. Furthermore, the great difficulty of completely 
removing the gases from the glass makes this source particularly troublesome 
in incandescent lamps. We see that the gases likely to be present or given off 
in an exhausted lamp are, in the probable order of their importance: water 
vapor, carbon dioxide, hydrocarbon vapors, hydrogen, carbon monoxide, 
nitrogen and, when phosphorus is used, various phosphorus compounds. 


Effect Produced in Lamps by Various Gases 

Small quantities (up to 0.1 mm pressure) of various gases were let into 
lamps sealed to the special exhausting system and their behavior during the 
operation of the lamps was noted. The phenomena observed were extremely 
varied in character, each gas producing very specific effects. In all cases (except 
argon) a marked clean-up of gas occurred under proper conditions. These 
effects have been studied in great detail and are forming the basis for a series 
of publications from this laboratory on chemical reactions at very low pressures. 
In the present paper only a very brief outline of the results will be given. 
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Hydrogen.! — This gas cleans up (disappears) in a lamp bulb in four distinct 
ways. Relatively large quantities (20 to 50 cubic mm) of hydrogen are driven 
on to the bulb when the filament is at relatively low temperature (1500 deg. 
or more). This hydrogen is particularly active chemically (atomic hydrogen) 
and will react even at room temperature with many reducible substances. 
Moderate heating of the bulb will cause a large part of it to escape from 
the glass again. Since water vapor in the bulb is decomposed by the 
filament to form hydrogen and an oxide of tungsten, there is nearly always 
a considerable amount of active hydrogen stored up on the bulb after the lamp 
has been running some time. 

The amount of heat carried away from a filament by hydrogen at low pres- 
sures, say 0.001 mm, although many times greater than with any other gas, 
was found to be entirely negligible compared with the heat radiated from the 
filament. The cooling effect of such pressures of gas, therefore, has no appre- 
ciable effect on the life of lamps, even though, as is usually the case, the lamps 
are set up at a given efficiency. 

Dry hydrogen in lamps was never found to have the slightest tendency 
to produce blackening of the bulbs. That is, the bulbs never blackened more 
rapidly than if the filament were run at the same temperature in a vacuum. 
Subsequent experiments have proved that this is true from low pressures up . 
to atmospheric pressure. 

Oxygen.?— At all temperature above 1000 deg. this gas reacts with tungsten 
to form the yellow oxide WO,, no matter how low the pressure of the oxygen 
may be. The oxide distills off the filament and deposits on the bulb, but owing 
to its light color the deposit is invisible when the amount of oxygen is less than 
100 to 200 cu. mm. Oxygen therefore never produces blackening of the bulb. 


Nitrogen.*— There are three ways in which this gas cleans up in a lamp, 
each being an exceptionally interesting phenomenon in itself. With voltages 
above 40 volts and pressures above 0.001 mm the nitrogen cleans up provided 
the filament temperature exceeds 2000 deg. and causes an attack of the nega- 
tive end of the filament, producing a brown deposit of tungsten nitride, WN, 
on the bulb. Except where the amount of nitrogen that cleans up is much larger 
than could possibly be present in an ordinary lamp this gas never causes any 
discoloration of the bulb. 


Carbon Monoxide.— This gas behaves almost exactly like nitrogen. At low 
pressures it never produces perceptible blackening of the bulb, although at 
higher pressures it may slowly give a slight deposit of carbon under certain 
conditions. The results, however, clearly indicated that traces of carbon mon- 
oxide such as might exist in lamps, could not be responsible for the blackening. 


1See Langmuir, J. Am. Chem. Soc. 34, 1310 (1912). 
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Carbon Dioxide.— This gas attacks the filament and produces carbon mon- 
oxide and an oxide of tungsten, without producing any perceptible blackening. 


Water Vapor. — Even very low pressures of water vapor react with the 
tungsten filament in a lamp to produce hydrogen, and cause rapid blackening 
of the bulb. Thus a lamp made up witha side tube containing a little water 
which is kept cooled by a freezing mixture of solid carbon dioxide and ace- 
tone (—78 deg. cent.) will blacken very rapidly when running at normal effi- 
ciency, although the vapor pressure of water at this temperature is only about 
0.0004 mm. 

The fact that lamps exhausted at low temperature (say 100 to 200 deg.) 
blacken so rapidly during life, together with the fact that water vapor is the 
principal gas removed from the bulb by heating, indicate that the water vapor 
is responsible for the short life under these conditions. 

It is rather surprising that water vapor should have such a marked effect 
when either of its constituents, hydrogen or oxygen, acting alone, produces 
no blackening. 

The explanation of the behavior of the water vapor seems to be as follows: 

The water vapor coming into contact with the filament is decomposed, 
the oxygen combining with the tungsten and the hydrogen being evolved. 
The oxide distills to the bulb, where it is subsequently reduced to metallic 
tungsten by atomic hydrogen given off by the filament, water vapor being 
simultaneously produced. The action can thus repeat itself indefinitely with 
a limited quantity of water vapor. 

Several experiments indicated that the amount of tungsten that was carried 
from the filament to the bulb was often many times greater than the chemical 
equivalent of the hydrogen produced, so the deposit on the bulb could not 
well be formed by the simple attack of the filament by water vapor. 

Another experiment demonstrated that even the yellow oxide, WO;, could 
be reduced at room temperature by atomic hydrogen. A filament was heated 
in a well exhausted bulb containing a low pressure of oxygen; this gave an 
invisible deposit of the yellow oxide on the bulb. The remaining oxygen was 
pumped out and dry hydrogen was admitted. The filament was now lighted 
to a temperature (2000 deg. K) so low that it could not possibly produce black- 
ening under ordinary conditions. In a short time the bulb became distinctly 
dark, thus indicating a reduction of the oxide by the active hydrogen. Further 
treatment in hydrogen failed to produce any further darkening, showing that 
the oxide could only be reduced superficially. 


Methane.— This gas was decomposed, producing hydrogen, while the 
carbon was taken up by the filament, as was indicated by the resulting change 
in the electrical resistance. At very high temperatures the carbon distilled 
out of the filament again. No visible blackening of the bulb occurred in the ex- 
periments with methane. 
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Argon.— The behavior of argon was very interesting. Except with high 
voltages on the filament and very low pressures of argon, no clean-up of this 
gas could be observed, even on heating the filament up to its melting point. 
The slight clean-up which was observed at high voltages was limited in amount. 
All of the gas which did disappear could be recovered by heating the bulb. 

The presence of argon at pressures above 0.005 mm causes a very large 
Edison effect and a very rapid blackening of the bulb and attack of the nega- 
tive end of the filament. The deposit occurs mostly behind the anode, showing 
that the tungsten atoms in this case are negatively charged. 

Although undoubtedly larger pressures of argon may cause serious black- 
ening of bulbs, yet the experiments indicated that this is not ordinarily the cause 
of blackening in well exhausted lamps. The amount of blackening seemed to 
depend primarily on the Edison effect caused by the argon, rather than the 
presence of the gas itself. As the pressure was decreased, the Edison effect 
decreased even more rapidly, and apparently disappeared entirely long before 
a degree of vacuum was reached which could readily be obtained with the 
pump. It seems extremely improbable that the amounts of argon which might 
exist in an ordinary lamp could perceptibly affect the Edison current or the 
rate of blackening. 


Effects of Other Gases Many other gases and vapors, such as chlorine, 
bromine, iodine, sulfur, phosphorus, phosphine, hydrochloric acid, etc., were 
tried, but in no case did these gases produce blackening of the bulbs. If great 
care is not taken in these experiments to have the gases extremely dry, very 
marked blackening will result. 

Contrary to earlier experiments, it was found that mercury vapor in a lamp 
did not cause blackening if the voltage was low enough so that no serious 
Edison effect occurred. 


Attempts to Eliminate Water Vapor 


This study of the effects produced by various gases led to the conclusion 
that if the blackening of bulbs of ordinary lamps was caused by imperfect 
vacuum, then it must be due to water vapor and the further removal of water 
vapor would markedly increase the life of the lamps. The problem of improv- 
ing the efficiency of lamps thus assumed more definite form. 

Experiments were next undertaken to detect the presence of water vapor 
in lamps after they had been exhausted at high temperature. It was found 
on lighting the filaments of lamps which had been exhausted at 200 deg. and 
then cooled to room temperature, that there was a steady but slow apparent 
evolution of hydrogen from the filament. However, in some lamps exhausted 
at 350 deg., there was barely a trace of gas evolved under similar conditions. 
This evolution of gas served as a measure of the rate at which water vapor 
diffused off the surface of the glass. It proved unreliable as an accurate measure 
of the water vapor, because of the clean-up of the resulting hydrogen. 


Google ventana fe 


Tungsten Lamps of High-efficiency 187 


Lamps were next exhausted in the special vacuum oven, so that the temper- 
ature of the bulb could be raised during exhaust to a temperature about 100 
deg. higher than that otherwise attainable. A good mercury pump was used 
and care was taken to remove the last traces of mercury vapor, water vapor 
and carbon dioxide, by placing between the lamp and the pump a trap immers- 
ed in liquid air. The lamps were exhausted from one to three hours under 
these conditions. The filaments were heated to high incandescence to drive 
off gas. The lamps were sealed off when the pressure by the McLeod gage read 
about 0.00005 mm. These lamps were put on life test and compared with other 
lamps made under factory conditions. 

The unexpected result of this work was that the life of the lamps exhausted 
with all these precautions was not materially better than the best of the lamps 
made regularly in the factory. The life of the lamps could certainly not be im- 
proved on the average by more than 20 per cent by such methods. 

In order to make sure that traces of water vapor were not evolved from the 
bulb, under the influence of perhaps radiation from the filament, or some other 
such cause, some lamps exhausted like those described above were run at an 
efficiency of about 0.7 watt per candle, with the bulbs completely immersed 
in liquid air during their entire life. Some similar lamps, exhausted in the same 
way, were run for comparison with their bulbs at room temperature. A third 
set was run with the bulbs heated continuously in an oven to about 150 deg. 
cent. The life of all three sets of lamps was practically identical. Previous 
tests had shown that lamps exhausted in the ordinary way, when kept at 150 
deg. during life, gave a very much shorter life than lamps run at the ordinary 
temperature. These special methods of exhaust therefore did not improve 
the life of the lamp above that of an ordinary lamp run under normal conditions, 
but they did make it possible for a lamp to run with the bulb at a high temper- 
ature without serious impairment of its life. This seemed to demonstrate that 
even the complete removal of water vapor from the lamp bulb would not lead 
to a very radical improvement in the life of the lamp, although the presence 
of minute traces of water vapor certainly did cause a marked decrease in the life. 

The conclusion to be drawn from all of the foregoing work is that the black- 
ening of the bulbs of ordinary well made and well exhausted lamps is not caused 
by imperfect vacuum. 

Among all the causes of the blackening that have been suggested, the only 
one that remains is evaporation of the filament. 


Evaporation of Tungsten 


To test out whether or not this was the correct explanation, many experi- 
ments were undertaken to determine the rate of loss of weight of tungsten fila- 
ments when run at various temperatures in lamps. It was found that in lamps 
with filaments run at the same temperature the loss in weight was proportion- 
al to the surface of the filament and independent of the size of the bulb. 


Google 


188 Tungsten Lamps of High-efficiency 


The temperature coefficient of the rate of loss of weight was extremely high, 
as would be expected if it were proportional to the vapor pressure of the metal. 

Furthermore, the actual measurements at various temperatures agreed 
remarkably well with the rational formula for vapor pressure 


log P= A- F—Clog r 
From some simple considerations of the kinetic theory of gases, it has been 
possible to calculate from these data the actual vapor pressure of tungsten at 
various temperatures. These results will soon be published in the Physical 
Review. It is of interest to give here simply the results at a few temperatures: 


Efficiency Temperature Vapor Pressure 
watts per candle (absolute) mm 
1.0 2400 deg. K 0.000,000,05 
0.4 2800 0.000,03 
0.2 (melting point) 3540 0.080 
(boiling point) 5200 760. 


Experiments with lamps exhausted at a low temperature have shown that 
the temperature coefficient of the rate of blackening is much lower than in 
well exhausted lamps. Thus, lamps exhausted at 100 deg. and run at say 5 watts 
per candle, often blacken nearly as quickly as similar lamps run at 2 watts per 
candle, although the rate of evaporation in a good vacuum would be very dif- 
ferent. This serves to show clearly the radical difference between the two kinds 
of blackening. 


Methods of Preventing the Blackening of Bulbs 


Having now shown that the blackening of ordinary tungsten lamps is caused 
by evaporation of the filament, the problem of increasing the efficiency of the 
lamps becomes a very definite one. 


Introduction of Gases at High Pressure.— Although in the past it has usually 
been found that the presence of a high pressure of gas causes an increase in 
the rate of disintegration of a heated metal,’ yet if we know, as we now do in 
the case of tungsten, that the phenomenon is simply one of evaporation, then 
we have every reason to believe that the presence of a chemically inert gas will 
reduce this evaporation. We have seen that low pressures of gases (except 
water vapor and argon) do not produce any perceptible blackening of the bulb, 


* For example, see a recent paper by J. H. T. Roberts, on “The Disintegration of Metals at 
High Temperatures,” Phil. Mag. (6), 25, pp. 260 (1913). He gives evidence that the disintegra- 
tion of platinum and iridium is due to the formation of a volatile endothermic oxide and not to 
evaporation. In a future paper the present writer will show that at least in the case of very highly 
heated platinum in oxygen at pressures as low as 0.1 mm, the rate of loss of weight is due en- 
tirely to evaporation and is independent of the pressure of oxygen, although all of the platinum 
which evaporates from the wire combines with the oxygen to form the oxide PtOy. 
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and therefore produce no disintegration in the ordinary sense. Most gases react 
chemically with tungsten at high temperature, but hydrogen, nitrogen, argon, 
and mercury vapor seem to be chemically inert towards it. 

In the manufacture of tungsten filaments it was for a long time the practise to 
sinter the filament thoroughly by heating it to a high temperature in hydro- 
gen or in a mixture of nitrogen and hydrogen. If care were taken to avoid air or 
moisture in the “forming gas” the filaments would stand heating for a long time 
in these gases, which indicated that they were at least relatively chemically inert. 

Whether the loss in weight at a given temperature was actually greater or 
less than in vacuum could not be determined from these rough observations. 
To test this out, a lamp, was made and filled with carefully dried and purified 
hydrogen at atmospheric pressure. The filament was run at the same temper- 
ature as that of lamps running at one watt per candle. The heat lost from 
the filament by convection was so serious that actually 17 watts per candle 
were required to maintain the filament at this temperature. This lamp, how- 
ever, ran for more than 360 hours without showing any blackening of the 
bulb, or any greater loss of material from the filament than would have been 
the case in vacuum at the same temperature. This result was very striking, as 
the bulb was running hot that the life of a filament in vacuum, in a bulb at 
the same temperature, would have been very short indeed. Subsequent experi- 
ments fully confirmed the first one, and showed that even in the presence of 
hydrogen at atmospheric pressure, the loss of weight of tungsten was much 
less than in vacuum. The loss of heat, however, was so great that it would be 
entirely impracticable to make a lamp with the tungsten filament in hydrogen 
at high pressure. 

Subsequent experiments showed, however, that the heat conductivity 
of hydrogen at very high temperature was abnormally great — much greater 
than would be expected from the ratio of its heat conductivity to that of other 
gases at room temperature. This is due to the fact that at high temperatures 
hydrogen becomes dissociated into atoms.? 

Experiments were next tried with tungsten filaments in mercury vapor. 
It was fourid here that the heat loss by convection is extremely small — in 
fact, so small that a filament could be run for a period of a minute or so, at 
least, at an efficiency of 0.23 watts per candle. Even the first experiments show- 
ed that the presence of the mercury vapor very greatly decreased the rate 
of evaporation. 

Experiments were then tried in nitrogen at atmospheric pressure. Nitro- 
gen was found to be entirely inert towards the tungsten, and to conduct so 
little heat that with a fairly large diameter filament the efficiency was as high 
as 0.24 watts per candle, at a temperature close to the melting point of tungsten. 
The rate of evaporation was found to be much less than in vacuum. 


1 Langmuir, J. Am. Chem. Soc. 34, 860, (1912). 
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For tungsten filaments in these three gases, hydrogen, nitrogen and mer- 
cury vapor, the “washing” theory certainly did not apply. On the contrary, 
instead of increasing, they actually very materially reduced the rate of evapo- 
ration. 

The next point to be determined was whether the decrease in evapora- 
tion was sufficient to offset the heat lost by convection. Because of the pres- 
ence of the gas, the temperature of the filament was run considerably higher 
than in vacuum, in order to obtain the same efficiency. Whether or not the 
rate of evaporation in gas at this higher temperature would be less than the rate 
of evaporation in vacuum at the same efficiency, is a point to be determined 
only by experiment. 

A careful study was therefore undertaken of the laws of heat convection 
from filaments at high temperature in various gases, since the knowledge on 
this subject was extremely meager. Experiments were made with platinum 
wires in air, with platinum wires in carbon dioxide and in hydrogen, and with 
tungsten wires in hydrogen, nitrogen and mercury vapor. 

It was shown! that the heat loss varies with the temperature, according to 
a simple function of the heat conductivity of the gas; and that it varies with the 
diameter of the wire according to a rather complicated equation, which, how- 
ever, accurately expresses the relation between diameter and heat loss. This 
work indicated that the heat lost by convection increases at high temperatures 
rather slowly with increase in temperature in the case of nitrogen and mercury 
vapors, but very rapidly in the case of hydrogen. Further, it was shown that 
the heat loss from very small wires, say 0.001 inch in diameter, is not very 
greatly different than that from wires several times this diameter. In other 
words, it was found that it is much more nearly correct to say that the heat 
loss by convection from small wires is independent of the diameter, than to 
say that it varies proportionally with the diameter. 

According to the formulas developed in the course of this work, the heat 
loss from wires of any size in any of the ordinary gases at any temperature 
could be calculated.? In this way, the following table was prepared, which 
gives the calculated relation between the watts per candle and the temperature 
for filaments of various diameters of tungsten in nitrogen, and in mercury 
vapor. 

It is readily seen from these tables that the loss of efficiency (at constant 
temperature) due to the introduction of a gas at high pressure is very much 
greater for filaments of small size, than for the larger ones, so that with wires 
of the sizes ordinarily used in lamps the temperature would have to be raised 


1 Langmuir, Trans. A.I.E.E. 31, 1011 (1912). 
Langmuir, Phys. Review 34, 401 (1912). 
2 It makes relatively little difference whether the wires are placed vertically or horizontally. 
The heat lost by convection is usually 5 to 10 per cent less when the wire is vertical than when 
it is horizontal. 
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Efficiency (in Watts per Candle) of Tungsten Filaments in Nitrogen at Atmos- 
pheric Pressure, as Compared to that in Vacuum 

















Absolute In Diameter in inches ees 
temp. | vacuum | 0.001 | 0.002 | 0.005 | 0.010 | 0.020 : 0.050 | 0.100 
1 
2400? 1.00 4.80 3.13 2.02 1.59 1.35 118 | 1.11 
2600 0.63 2.53 1.71 1.14 0.93 0.81 0.72 | 0.69 
2800 0.45 1.54 1.07 0.74 0.62 0.53 0.50 | 0.49 
3000 0.33 1.00 0.71 0.50 0.43 0.39 0.36 | 0.35 
3200 0.26 0.70 0.51 0.37 0.33 0.30 0.28 | 0.27 
3400 0.21 0.52 0.39 0.30, 0.26 0.24 0.23 | 0.22 
3540 0.20 0.45 0.34 0.27 0.24 0.22 0.21 | 0.21 





Efficiency (in Watts per Candle) of Tungsten Filaments in Mercury Vapor at 
Atmospheric Pressure Compared to that in Vacuum 




















Absolute In Diameter in inches _ 

temp. | vacuum | 0.001 | 0.002 0.005 | 0.010 | 0.020 0.050 | 0.100 
= 

2400 1.00 2.30 1.77 1.38 1.24 1.16 1.10 1.07 

2600 0.63 1.30 1.03 0.84 0.78 0.72 0.67 0.67 

2800 0.45 0.84 0.68 0.57 0.53 0.50 0.48 0.47 

3000 0.33 0.57 0.47 0.40 0.36 0.36 0.35 0.34 

3200 0.26 0.41 0.35 0.30 0.28 0.28 0.27 0.21 

3400 0.21 0.32 0.28 0.25 0.23 0.23 0.22 0.22 

3540 | 0.20 0.29 0.25 0.23 | 0.22 0.21 0.21 0.20 








excessively’ in order to obtain an efficiency of even one watt per candle. Thus 
in nitrogen a filament of 0.001 inch diameter (the size ordinarily used in 
a 20-watt, 110-volt lamp) would have to run at 3000 deg. to give one watt per 
candle, At this temperature of filament, the life of the ordinary lamp would 
be about 20 minutes, or about one fifteen-hundredth as long as that when 
running normally at one watt per candle in vacuum. 

With filaments of larger diameter (0.005 inch and more), the loss of heat 
by convection is not nearly so serious, so that, if the rate of evaporation of 
the metal is very largely reduced by the presence of the gas, it should be pos- 
sible to raise the efficiency considerably without shortening the life. 

The advantages of a large diameter filament can be practically obtained 
by coiling a smaller wire into a tightly wound helix or otherwise concentrat- 
ing it into a small space. 

The further development of this type of lamp will be described in the sec- 
ond part of this paper. : 

Prevention of Blackening 

Changing location of the deposit.— In lamps with a very high vacuum, the 

atoms of tungsten as they are given off from the filament by evaporation, 
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travel in straight lines until they strike the bulb. As they are electrically uncharg- 
ed (this has been demonstrated by experiment), the field produced by the 
filaments has no influence on the location of the deposit. Since the light from 
the filament also travels in straight lines, according to similar laws, it follows 
that in a high vacuum the deposit always collects most on those portions 
of the bulb where the greatest intensity of light passes through the glass. 

In an imperfect vacuum, especially in the presence of argon, the tungsten 
atoms tend to become negatively charged and thus often deposit on the bulb 
very irregularly. 

With pressures of nitrogen less than 50 mm, the brown deposit of nitride 
is distributed over the bulb in much the same way as the tungsten deposit 
in ordinary lamps. At higher pressures than this the effects of convection 
currents become apparent, and an increasingly large part of the evaporated 
material being carried to the upper part of the bulb. At atmospheric pressure 
this effect is very striking, the bulb on a level with the filament usually remain- 
ing perfectly clear, while a dark deposit gradually forms on the portion of 
the bulb (or supports) directly above the filament. 

This fact is of great importance in connection with lamps containing high 
pressures of gas. Not only does the gas decrease the rate of evaporation, but 
it may be made, by proper design, to entirely prevent the blackening of those 
parts of the bulb that transmit the light. 


Summary 

1. The efficiency at which tungsten lamps may be profitably run, is limit- 
ed principally by the blackening of the bulb. 

2. It has usually been considered, especially among those most experienced 
in lamp manufacture, that the blackening of ordinary lamps was due very 
largely, if not entirely, to the presence of residual gases. The evidence which 
has led to this belief is discussed. 

3. The sources of gases with the lamp are studied, and the principal gases 
are found to be water vapor, carbon dioxide, carbon monoxide, hydrogen, 
nitrogen, and vapors of hydrocarbons. 

4. The specific effects produced by these and other gases are determined. 
It is found that water vapor is the only one that produces perceptible black- 
ening of the bulbs. 

5. The blackening by water vapor is due to a cyclic process in which the 
water oxidizes the tungsten and is itself reduced to atomic hydrogen. The 
tungsten oxide volatilizes and deposits on the bulb, where it is reduced by the 
atomic hydrogen to metallic tungsten and water vapor is again formed. 

6. Attempts to materially improve the life of lamps by the more complete 
removal of water vapor result in failure. It is therefore concluded that, although 
water vapor is usually the cause of the short life of poorly exhausted lamps, 
yet it is not the cause of blackening in well exhausted lamps. 
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7. The real cause of blackening in well made lamps is proved to be 
evaporation of the filament, due to its temperature alone. 

8. It therefore follows that to improve the efficiency of tungsten lamps, 
either the rate of evaporation of the filament must be reduced or the evapo- 
rated tungsten must be prevented from blackening the bulb. 

9. The following methods of improving the tungsten lamp and thus increasing 
its efficiency, are then discussed in detail. 

Introduction of gases, such as nitrogen and mercury vapor, into the 
bulb at atmospheric pressure. 

Changing the location of the deposit by means of convection currents 
in gases, so that the bulb opposite the filament does not darken. 

10. These methods have met with marked success. The second part of 
this paper will deal with a particular type of lamp; i.e., a tungsten lamp con- 
taining nitrogen at about atmospheric pressure. 


TUNGSTEN LAMPS OF HIGH-EFFICIENCY —II 


NITROGEN-FILLED LAMPS 


THE FIRST part of this paper outlined principles upon which radical improve- 
ments in the efficiency of tungsten lamps may be based. 

It was shown that the desired improvement can be obtained by preventing 
evaporation of the filament or by preventing blackening of the bulb. By the 
introduction of considerable pressures of such gases as nitrogen or mercury 
vapor into the lamp the blackening can be practically avoided and the evap- 
oration of the filament reduced very considerably. 

By making use of these principles we have been able to construct practical 
tungsten lamps which, starting at an efficiency of about 0.40 watt per candle, 
have run over two thousand hours, the avearge efficiency during life being 
better than 0.5 watt per candle. It should be pointed out at the outset, how- 
ever, that such a degree of improvement as this has been reached only in lamps 
taking large currents. 

In this second part of the paper we will describe the methods by which 
these results have been attained. 

The early experiments with lamps containing nitrogen at atmospheric 
pressure were made with ordinary single loop filaments of 0.005 and 0.010 
inch diameter placed in long heater lamp bulbs. These lamps were set up on 
life test at such a voltage that the temperature of the filament was 2850 deg. K. 

In order to compare these with ordinary lamps, similar lamps with evac- 
uated bulbs were set up on life test with the filaments at the same tempera- 
ture, 
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The nitrogen-filled lamps with the filaments 0.005 inch diameter gave an 
efficiency of 0.65 watts per candle and had a life of about 90 hours, whereas 
those with the larger filaments (0.010 inch diameter) gave an efficiency of 
0.56 watts per candle and a life of about 300 hours. The bulbs opposite the 
filaments remained clear, although a slight brown deposit of tungsten nitride 
collected in the upper part of the bulbs. The candle power of these lamps 
remained above 80 per cent during their entire life, failure being due in every 
case to breakage of the filament after this had decreased considerably in diam- 
eter. 

The vacuum lamps, on the other hand, gave an efficiency of 0.41 watt per 
candle, but the bulbs blackened rapidly, the candle power falling to 80 per. 
cent in about 40 minutes. Since the filaments of the vacuum lamps burnt 
out after 2 to 5 hours whereas those of the nitrogen lamps lasted 50 to 100 
times as long, it is evident that the rate of evaporation of the tungsten is ma- 
terially reduced by the presence of the nitrogen. 

These results indicated clearly the desirability of using a filament of large 
diameter. Fhe larger filaments gave not only a better efficiency at any defin- 
ite temperature, but also a much longer life. Thus doubling the diameter 
increased the efficiency from 0.65 to 0.56 and increased the life from 90 to 
300 hours. The improvement in the efficiency, as was pointed out in the first 
part of this paper, is due to the relatively greater heat loss by convection from 
small wires. The life of the filament is determined largely by the loss of tungsten 
from the filament by evaporation and has been found to be dependent on 
the relative decrease in diameter caused by this evaporation. If the rate of 
evaporation per unit area from large and small wires were the same, the lives 
of various filaments run at a given temperature would be roughly proportion- 
al to their diameters. However, as the evaporation of tungsten in nitrogen 
is largely a diffusion process, it probably obeys laws similar to those of con- 
duction or convection of heat from a wire; that is, for wires of small diameter, 
the actual amount of tungsten evaporated would be nearly independent of 
the size of the wire. The rate of evaporation per unit area would thus be approxi- 
mately inversely proportional to the diameter. The relative lives of very small 
wires in nitrogen are therefore nearly proportional to the squares of their 
diameters. 


Design of Filament 

These results were decidedly encouraging, for both the efficiency and 
the life of the lamps can be improved by increasing the diameter of the filament. 

It is, however, not desirable to use filaments of very large diameter if similar 
results can be obtained with smaller ones. The current taken by a filament 
increases approximately with the three-halves power of the diameter. Thus, 
for wires of the sizes used in the preceding experiments, the currents needed 
to maintain a temperature of 2850 deg. were approximately: 
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Diameter Current 
inches | mm | amps. 
0.005 0.127 | 3.0 
0.010 0.254 i 8.5 
0.020 0.508 | 24.0 





Unless very low voltages are used, the power consumed with the larger 
wires is so great that only very high candle power lamps can be made. 

Therefore it was of vital importance to increase the effective diameter of 
the filament without decreasing its resistance, and various methods of doing 
this were tried. 

This result may, for example, be obtained by using a tubular filament. The 
method which has thus far proved most satisfactory, however, is to wind the 
filament into the form of a tightly coiled helix. 

The use of a helically wound filament presents several very interesting 
features. The life of ordinary single loop filaments is limited by the irregular- 
ities in diameter which develop after a considerable amount of tungsten has 
evaporated. These irregularities, after they first appear, tend to magnify them- 
selves very rapidly, on account of the tendency for the current to overheat any 
spot which becomes thinner than the rest of the filament. The overheating 
increases the rate of evaporation and rapidly causes failure. 

In the gas-filled lamps, however, when helically wound filaments are em- 
ployed, a new factor is introduced which entirely counteracts this tendency to 
overheat in spots. In designing the filaments of these lamps, it is evidently 
desirable to wind the filament on as large a mandrel as possible, in order to 
obtain the advantage of the large diameter. Since tungsten is a relatively soft 
material at the operating temperature of these lamps, too large a mandrel should 
not be used, as otherwise the weight of the filament pulls out the helix very 
materially in a few hours, and the heat lost by convection may thus become 
greater than if a helix of smaller diameter had been used. In actual practise 
the filament is designed so that the amount of sagging during life will be per- 
ceptible, but not enough to cause too great a change in the characteristics of 
the lamp. 

If during the life of the lamp, any part of the filament should, for any reason, 
evaporate more rapidly than the rest, so that the filament becomes somewhat 
thinner, this portion will have less mechanical strength than the rest and will 
therefore sag more rapidly. The helix will therefore open out wherever the 
filament becomes thin or becomes overheated. This will cause increased heat 
loss both by convection and radiation, and thus prevent local overheating or 
spotting. 

The use of helically wound filaments increases the life of the lamp many 
times beyond the life that would be obtained with a straight filament running 
at the same efficiency. This is especially true of the smaller sizes of wire. 
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Besides the helically wound filament, various other forms have been tried, 
and, for special purposes, many of these have decided advantages. 


Design of Bulbs and Location of Filaments 


In the ordinary evacuated lamp, the choice of a suitable bulb is a compara- 
tively simple matter. It must be of convenient size and shape, and provide suf- 
ficient room for the proper mounting of the filament. Furthermore, it must 
have as large an inside surface as possible, so that the density of the deposit 
of evaporated tungsten will be small. It is also desirable to have the bulb at 
a sufficient distance from the filament and so related to the power input into 
the lamp that the bulb does not become overheated. This latter is not only 
desirable from the view point of safety (in case of lamps for domestic service), 
but because it is difficult to remove water vapor so thoroughly from the bulbs 
that the life of the lamps will not be greatly shortened by an overheating of 
the glass. 

In the nitrogen-filled lamps, however, several other factors must be con- 
sidered, especially in the lamps of high candle power. 

In ordinary lamps about 20 per cent of the energy radiated from the fila- 
ment is intercepted by the glass and causes heating of the bulb. In the nitrogen 
lamp, beside this radiated heat, there is an additional amount of heat carried 
to the bulb by convection — an amount varying with the type of lamp and 
ranging from 6 to 40 per cent of the total input. The convection currents carry- 
ing this relatively large amount of heat travel vertically upwards from the 
filament and strike a relatively small area of the bulb, which thus tends to become 
greatly overheated. Unless special precautions are taken, this overheating will 
cause the liberation of enough water vapor to cause attack of the filament 
and consequent blackening of the bulb. It is thus highly desirable, in ordinary 
cases, if small bulbs are to be used, that the filament should be placed 
in the lower part of the bulb. This has the further advantage that it allows 
sufficient surface of glass in the upper part for the deposition of the 
tungsten nitride. 

For a similar reason it is generally desirable, although not necessary, to 
make the bulbs with their height considerably greater than their horizontal 
diameter. 

By special design of the bulb, satisfactory lamps have been made with bulbs 
of only one-half to one-third as large a volume as that of evacuated lamps of 
the same wattage. This means that for bulbs of the same volume the nitrogen 
lamps give roughly from five to ten times the candle power of evacuated lamps. 
The bulbs of such lamps naturally run much hotter than those of ordinary 
lamps. The upper parts of the bulbs are often 100 to 200 deg. cent. or more, 
while the lower parts are sometimes much cooler than this, although closer 
to the filament. 

Several special varieties of heat-resistant glass have been used for the bulbs, 
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making considerably smaller ones possible, as well as rendering it easier to 
get rid of water vapor. Transparent quartz bulbs have been tried, but do not 
seem to have sufficient advantage over some of the special glasses to offset 
their present high cost. 


Lead-in Wires and Supports 


For some of the larger size lamps which take heavy currents (20—30 am- 
peres) it has been necessary to devise special types of lead-in wires. Platinum has 
been discarded entirely, even in the smaller sizes. Several types of heavy cur- 
rent leads have been successfully used. Most depend on the use of special alloys 
which have the same coefficient of expansion as the glass. Bulbs of special glass- 
es into which tungsten or molybdenum wire can be sealed directly, have also 
been used. 

In many of the larger lamps the lead-in wires pass through the lower end 
of the lamp. In this case they can be made short. In others, however, the leads 
are brought in from the top. This requires more care in the construction of 
the seal if it is exposed to the heat from the convection currents. Screens are 
sometimes used to protect the seal or other glass parts from direct contact with 
the convection currents, an‘d to reduce convection. 


Various Types of Nitrogen-Filled Lamps 


We have seen that at constant temperature, both the efficiency and the life 
improve as the diameter of the wire is increased. With very large wires (0.020 
to 0.040 inch diameter) which take 20—60 amperes, the efficiency may reach 
0.40 watt per candle and probably even better, and yet give a life over a thou- 
sand hours. It will probably be worth while, in some cases, to use nitrogen 
in low-current lamps, even if an efficiency no better than that of vacuum lamps 
is obtained, in order to gain certain other advantages of the nitrogen-filled 
lamps, such as better color of the light, higher intrinsic brilliancy, etc. ° 

The principal limitation of the new type is therefore that of current. There 
is no practical upper limit to the current, provided the voltage is not lowered 
to keep constant power consumption.* With increasing current, larger and 
larger filaments are used and the efficiency that may be practically reached, 
increases towards the limit of 0.20 watt per candle, which is fixed by the melt- 
ing-point of tungsten. Unless special expedients are employed, the cooling 
effect of the leads lowers the efficiency of the lamps by an amount that is in- 
versely proportional to the voltage and nearly independent of the size of the 
wire or the current strength. 

With voltages of 20 volts or more, this effect is not serious, but for voltages 
as low or lower than 10 volts, it may become very important. 


*As an example, a lamp taking 60 amperes and giving 6600 candle power at 0.40 watt per 
candle has been successfully run. 
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For the particular type of nitrogen-filled lamp which has at present been 
furthest developed, it may be said that a life of over 1500 hours is obtained 
at efficiencies better than 0.50 watt per candle only in large units taking over 
ten amperes. Lamps running at 0.6 to 0.7 watt per candle have been made in 
units taking at least 5 amperes. 

No serious difficulty has been met in making high-voltage lamps. In nitrogen 
at atmospheric pressure there is no tendency toward arcing, even at 250 volts. 
Many lamps taking 6 or 7 amperes at 110 volts have been made up and run 
at 0.6 to 0.7 watts per candle, with a life of over 1000 hours. 

A number of special types of nitrogen-filled lamps have been made and 
tested. Among these the most interesting, for the present, are perhaps the 
following: 


1. Large Units of Very High Efficiency (0.4 to 0.5 watt per candle with a life 
of 1500 hours or more). — These take currents of 20 to 30 amperes and (except 
in units over 4000 candle power) are therefore best run from a-c. circuits by 
means of small transformers or auto-transformers giving a voltage depending 
on the size of unit desired. Thus, with 30 volts and 25 amperes, the power 
would. be 750 watts and this, in a lamp of say 0.45 watt per candle, would give 
1670 candle power. Higher or lower candle power may be obtained by using 
other voltages. Typical lamps of this kind are shown in Figs. 1 and 2. 


2. Small Units of Low Voltage. —'These take currents of ten amperes or 
less and voltages as low as four or five volts. The efficiencies with 1000-hour 
life range from 0.6 to 1.0, or even 1.25 watt per candle, according to the current 
used. 

These lamps are adapted for series street lighting on 6.6-ampere circuits 
(at 0.6 to 0.7 watt per candle), for stereopticon lamps, automobile headlights 
and in general wherever a source of high intrinsic brilliancy, steadiness and 
white color is needed. 

3. Lamps to Run on Standard Lighting Circuits (110 volts). — Large units 
of this type (several thousand candle power) have efficiencies of 0.5 watt per 
candle or better. With smaller units the efficiency is ordinarily not so 
high. 

A lamp of this type is illustrated in Fig. 3. The leads may be brought in 
from the top, in which case they are preferably made longer so that the fila- 
ment remains in the lower part of the bulb. 


Special Advantages of the Nitrogen-Filled Lamps 


Besides its high efficiency, the features of the new lamps which may, at 
least for certain purposes, prove of advantage, are: 


1. Color of the Light. — The temperature of the filament being 400 to 600 
deg. higher than that of ordinary lamps, causes the light to be of a very much 
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whiter color, so that it comes closer to daylight than any other form of artificial 
illuminant except the d-c. arc and the special Moore tube containing carbon 
dioxide. The color is almost exactly like that which can be had for a few minutes 
by running an ordinary tungsten lamp at double its rated voltage. 





Fic. 1. High efficiency nitro- Fic. 2. High efficiency nitro- 
gen-filled lamp for low-voltage gen-filled lamp for low-voltage 
circuit. circuit. 


Work is at present under way to develop special color screens which, when 
used with this light, will give a true daylight color (corresponding to the radia- 
tion from a black body at 5000 deg. cent.). From measurements with the spec- 
trophotometer, it can be calculated that the screens which will accomplish 
this purpose will absorb from 65 to 75 per cent of the light, so that the net 
efficiency will be about 2.0 watts per candle for a pure daylight color. At pres- 
ent, to accomplish this purpose with ordinary tungsten lamps, screens must 
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be used which absorb so much light that the net efficiency is between 10 and 
12 watts per candle. 

2. High Intrinsic Brilliancy of the Filament. — At the operating temperature 
of the nitrogen-filled lamps the intrinsic brilliancy of the filament is about 
1200 candle’ power per sq. cm. In ordinary tungsten lamps, on the other hand, 
running at about 1.25 watts per candle, the filaments have a brilliancy of only 
about 150 candle power per sq. cm. The brilliancy of the filament of the nitro- 
gen lamp is thus about eight times that of the ordinary lamp. 





Fic. 3. Nitrogen-filled lamp for Fic. 4. Lamp and screen used 
110-volt circuit. for calibration of blue glass. 


This feature, combined with the high degree of concentration preferably 
used, renders these lamps particularly useful for projection work, such as for 
headlights or for stereopticons. 

3. Constancy of Characteristics During Life. —It is often possible to so 
design these lamps that their ampere-, volt-, candle power characteristics remain 
practically fixed during the greater part of their life. In any case, however, 
since there is no deposit on the bulb to cut off the light, the candle power prac- 
tically never falls below 75 per cent (this decrease sometimes being due to 
sagging). The lamp usually fails by the breakage of the filament with the candle 
power well above 80 per cent of its original value. 


Original from 
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Appendix I 

Light Distribution of Nitrogen-Filled Lamps. — In the preceding paper, 
wherever efficiencies of lamps have been given, they are expressed in watts 
per horizontal (international) candles measured in the direction perpendicular 
to the plane of the filament if this is in the form of a single loop. 

Careful measurements have shown that with helically wound filaments 
the distribution of light in a horizontal plane is almost perfectly uniform, there- 
fore the efficiencies that have been given may be considered to represent also 
watts per mean horizontal candle. 

The spherical candle power of many of the lamps has been measured. The 
ratio of mean spherical to maximum horizontal (practically mean horizontal 
also) candle power has been found to average about 84 per cent for the lamps 
made with single loops of helically wound wire. 

It is possible to design the filaments of nitrogen-filled lamps so as to give 
a maximum of candle power in a given direction. This is being done in stere- 
opticon lamps. 


Appendix I 


Method of Photometry for Nitrogen-Filled Lamps. — The usual practise 
in dealing with incandescent lamps is to determine volts, amperes and candle 
power either at a predetermined value of one of these quantities or else at a pre- 
determined efficiency by the ‘cut and try” method. In the case of a lamp which 
presents so many variables as does the nitrogen-filled lamp, however, it is 
more systematic to regard temperature as the fundamental variable. 

The method that has been adopted for these lamps is not essentially novel, 
although it does not appear to be as well known as it deserves to be. 


First: The temperature has been defined by the equation 


11,230 
7.029 — log H 


where T is the absolute temperature and H is the intrinsic brilliancy of the fila- 
ment in international candle power per sq. cm (projected area).' 

Second: A most useful criterion in practise for equality of temperature of 
tungsten filament is that of color-match. 

A little practise with the Lummer-Brodhun photometer enables one to 
judge equality within about 5 deg. if the illumination is good. The most con- 
venient way of setting up temperature standards is to select a number of well- 
seasoned lamps of high-voltage type in which the anchors are tightly pinched 
onto the filaments so as to prevent variable cooling effects at the contact. It 
is best to standardize these, not on a basis of candle power and filament dimen- 


T= 


1 The derivation of this formula together with a description of other methods of obtaining 
the temperature of filaments will soon be published, probably in the Physical Review. 
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sions, but by the aid of a special lamp and diaphragm as shown in Fig. 4. This 
lamp is arranged at one end of the photometer with the diaphragm in front 
of and at a known short distance from it. The filament is preferably stout (say 
10-mil or 0.025-cm) so as to admit of good micrometer measurements. 

The diaphragm enables one to disregard the end portions of the filament 
and select a known length of the part which is at uniform temperature. Of 
course a simple geometrical correction based on the position of the screen is 
necessary. 

It is thus possible to set up the special lamp at any temperature desired 
by getting the appropriate candle power per sq. cm. from the filament. The 
standard lamps are brought to color-match with this arrangement and in this 
way a set of lamps with known relation between voltage and effective tempera- 
ture is obtained. The life of the ordinary standard lamps would be very short 
indeed if they were run at the same temperature as nitrogen-filled lamps. For 
this work, therefore, the standards cannot be used directly as color-standards. 
For this reason a most important accessory is introduced in the form of a set 
of special blue glasses. It is not easy to get a blue screen which will perfectly 
facilitate color-match of tungsten filaments at different temperatures, but 
a special blue glass has finally been obtained which answers exceedingly well. 


Four distinct screens of different intensity are used, each carefully finished 
as a uniform plate, and any or all of these may be combined with a tungsten 
filament run at any temperature and the result will color-match correctly against 
another tungsten filament at a higher temperature. 

It may be shown theoretically and experiment confirms that the following 
relation holds: : 

If T is the temperature of a filament which is viewed through screens A, 
B, C, etc., 

T, is the temperature of a filament which matches the above. 

Then 1/T—1/T, = a+b+c etc. 
where a, b, ¢ etc. are constants for the screens A, B, C, etc. Thus one only needs 
to maintain one standard temperature by means of standard lamps and that 
temperature can be so low that great permanence is insured. 

The constants for the four glasses once determined, there are available 
a number of standard temperatures ranging from 2250 deg. to 3600 deg. K. 

By the use of these screens it is an easy matter to set a lamp up at a voltage 
such that the filament has a standard temperature, say 2850 deg. To do this 
it is simply necessary to adjust the voltage so that the color of the light from 
the lamp is the same as that which comes from the standard lamp when viewed 
through one of the special blue screens. 

Since the efficiency in vacuum is very simply related to the color of the 
light, this method of photometry gives a very simple and direct way of knowing 
the exact effect which the nitrogen has on the efficiency of the lamp. 
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THE FLICKER OF INCANDESCENT LAMPS 
ON ALTERNATING CURRENT CIRCUITS 
AND STROBOSCOPIC EFFECTS 


General Electric Review 
Vol. XVII, 294, March (1914). 


Since the introduction of metal filament lamps, the flicker that occurs when 
low wattage.lamps are run on 25 cycle alternating current has attracted con- 
siderable attention and has often been experimentally investigated. 

The flicker is a physiological effect caused by the fluctuations in the inten- 
sity of the light source. If the frequency is either too high or too low, no flicker 
will be observed, even though the candle-power of the source may vary through 
a fairly wide range. Furthermore, the perception of flicker depends to a marked 
degree on the intensity of the illumination and on its distribution. Flicker can 
often be observed in the light thrown by a lamp on a large white wall, although 
by looking directly at the lamp or at objects near it, no flicker will be noticed. 

The variations in intensity of a fluctuating light source produce, besides 
the flicker, other striking effects observable when the eyes are moved from 
one object to another, or an illuminated object is moved across the field of 
vision. This motion gives rise to a stroboscopic effect characterized by the 
production of a series of multiple images. Frequency in this case has very little 
effect, except that with very high frequency a more rapid motion is necessary 
to make the separate images distinct from one another. 

Flicker, therefore, is a complex phenomenon dependent not only on the 
magnitude of the intensity fluctuations, but on the frequency of the alternat- 
ing current and a number of physiological or psychological factors. 

In any discussion of the flicker of incandescent lamps, however, the first 
element to be considered should be the actual magnitude of the fluctuations 
in the intensity of the light. This fluctuation completely determines the degree 
of stroboscopic effect obtainable and at least allows comparison to be made 
between the flicker produced by different types of lamps operating on current 
of the same frequency. 

The ease and accuracy with which the candle-power fluctuation may be 
calculated from simple thermal data, seems to have been generally overlooked 
by most of those interested in the technical side of the question. Several years 
ago the writer developed some simple equations by which the fluctuation could 
be calculated from the ordinary characteristics of lamps and from the specific 
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heat of the material of the filament. Since then, O. M. Corbino has published 
a series of papers on the theory of ‘‘periodic temperature fluctuations of metallic 
filaments heated by alternating currents” (see Physik. Zeitschrift 11, 413, 1910, 
and 12, 292, 1911). Corbino has made elaborate experiments to test his equa- 
tions and to determine the various thermal constants involved. 

The object of the present paper is to call the attention of lighting engineers 
to some of the most important of Corbino’s formulas and to modify and sim- 
plify these in such a way that they may be of more direct application to lighting 
problems. The simplified formulas will then be used to calculate the magnitude 
of the candle-power fluctuation in various types of lamps with especial refer- 
ence to gas-filled lamps. 

The heating effect of a sine wave alternating current varies periodically 
according to a sine wave of double the frequency of the current. During the 
part of the cycle in which there is low energy input, the filament temperature 
falls, since the radiated energy exceeds the input. During the time of high input 
the temperature rises, as more energy is supplied than can be radiated. The 
temperature of the filament therefore rises and falls with double the frequency 
of the alternating current. The magnitude of the temperature fluctuation evi- 
dently depends on the manner in which the resistance and radiating properties 
vary with the temperature and also on the heat capacity of the filament. From 
a knowledge of these factors, the temperature variations and from this the 
candle-power fluctuation may be calculated. 


Derivation of Formulas 


Let us consider the temperature fluctuations in a lamp filament supplied 
by alternating current of the frequency f. 
Let e = instantaneous potential applied to the lamp 


i = instantaneous current 

r = instantaneous resistance 

w = instantaneous heat dissipation from filament in watts 

T = instantaneous temperature of filament (absolute scale) 

¢ = specific heat of the material of the filament 

m = mass of the filament 

6 = variation in the temperature of the filament from its mean value t 
We will consider that the applied potential is a pure sine wave. 

e=esinwt (1) 
where w = dxf 


The power input into the filament is e2/r, and this must equal the sum of 
the radiated power and that necessary to raise the temperature of the filament. 


e d0 
raidniar 3 


Google sieenoe ee 


Flicker of Incandescent Lamps on A.C. Circuits 205 


or 
d6 
rm = e’—wur (3) 
It has been found that both the energy radiated and the resistance of tung- 
sten lamp can be expressed as a power of the absolute temperature of the fila- 
ment. : 
That is, we can place as a very close approximation 


where r, and w, are respectively the resistance and wattage at the temperature 7), 
the average temperature of the filament. 
If we assume that the variations in r and ware relatively small, we may place 


r= rt +%6) (7) 


w= wa 20) (8) 


We can now substitute these values in (3). However, since we assume the 
variation in r to be very small, we may put r, in place of r in the first member 
of the equation, although in the second member, which consists in a small 
difference between two relatively large quantities, we use the values given 
by (7) and (8). We thus obtain, by neglecting second order terms, 


pee = esin® ot—eyr( + aet ae) 





dt 
The solution of this equation (excluding transient phenomena) is of the form 
6 = 6, cos (2wt —y) (9) 
where 
a (10) 





Np+ Ny \? ‘mu \* 
V\ T +( Wo 
We thus see that the variation in the temperature of the wire is a simple 
harmonic function having twice the frequency of the applied e.m.f. The ampli- 
tude is given by (10). 
The two terms under the radical sign in equation (10) are of very unequal 
magnitude. The value of ny for tungsten in a vacuum is about 4.7, while n, 


is 1.2. For tungsten filaments in gases, my is less than 4.7, except in hydrogen, 
where it may become as great as 10. In any practical lamp, however, ny+m, 
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will never exceed about 6. The temperature of the filament of any practical 
lamp will be at least 2000 deg. K (absolute temperature), and the term [(n,+ 
ny)/T]? will thus never exceed 0.000009. The second term under the radical 
must always be greatly in excess of this; otherwise the fundamental assumptions 
made in the derivation of the equation are not fulfilled and the equation ceases 
to be of value. This is apparent from the following considerations: 

If the second term were small compared to the first, then the equation would 
reduce to 

T 
Ny +Np 
This would give a value of 6, of at least 330 deg., so the total variation of tem- 
perature would be over 660 deg. With such a temperature range as this, the 
power (w,) radiated from the filament would vary in about the ratio of 1 to 
3.5, so that equation (8) would not be even approximately fulfilled. 

It can be readily shown that if 0, is to be as small as 100 deg., the second 
term in the radical must be about 10 times as great as the first, and that to 
neglect the first term entirely, would make an error in 0, of less than 5 per cent. 

Since the flicker in ordinary lamps is caused by a temperature variation with 
a range much less than 200, it is evident that we can neglect the first term under 
the radical, in the applications of this formula. 

Equation (10) therefore assumes the very simple form 


6) = 





_ MM _ % 
a To tm (iy 


The candle-power (H) of a filament is related to its temperature (T), by 
the equation 





log H = A—11230/T (12) 


where A is a constant characteristic of the filament. 

Let us now calculate the candle-power fluctuation that would be produced 
by the periodic change in temperature of amplitude 6,. 

For small variations in temperature equation (12) can be written 


A log H = 11230/T? AT (13) 


If we let AT represent the total fluctuation in temperature, then AT = 20, 
and A log H becomes 


log max 
min 

If we change to natural in place of common logarithms and consider such 
small fluctuations of temperature that the relative change of light intensity 


is also small, then we have 


Apex A max Hin (14) 


Fain A ypean 
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This is the measure of the relative change in candle-power and will serve 
as the best measure of the candle-power fluctuation. Since, however, the candle- 
power of a filament varies extremely rapidly with its temperature equation (14) 
will cease to hold for larger temperature fluctuations, although (13) may still 
be very accurate. It will be better, therefore, for us to adopt the following defi- 
nition of the relative candle-power fluctuation (F): 

F = In Yo — 2.30 log Yass (15) 


min min 





Combining this with (13) and remembering that AT = 20, we obtain 


Fa, (16) 


Combining this with (11), we obtain 


F = 4100 Jom T* (17) 


Application of Formula to Flicker of Tungsten Lamps 


To apply this formula to the calculation of the candle-power fluctuations 
of tungsten lamps, we need first to know the specific heat of tungsten at the 
operating temperatures of lamp filaments. Corbino has determined this quan- 
tity from measurements on lamp filaments and obtains the value 0.0425 calories 
per gram per degree at 1500 deg. C. His temperature measurements above this 
temperature were probably not reliable, but he has experimentally determined 
the quantity CT/n, up to the normal operating temperature. Combining Cor- 
bino’s data with our data for n,/T at the normal operating temperature, we 
obtain 0.049 calories per gram per degree, or 


C = 0.205 watt seconds per gram per degree. Equation (17) thus becomes 


Wo 
F = 20,000 jar (18) 

This equation gives the relative candle-power fluctuation of any tungsten 
lamp in terms of the power consumption (w,), the frequency (f), the mass of 
the filament (m), and the absolute temperature of the filament (7). The cqua- 
tion holds equally as well for gas-filled lamps as for vacuum lamps. 

We see that the fluctuation, F, is inversely proportional to the frequency 
of the alternating current and directly proportional to the power consumption. 
The introduction of gases into lamps therefore tends to increase the candle- 
power fluctuation since it increases the power consumption at any given tem- 
perature. On the other hand, winding the filament into a tight helix tends to 
decrease the fluctuation, since it decreases the ratio of power to mass of fila- 
ment. 
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The practical application of the formula (18) therefore requires data charac- 
teristic of the particular type of lamp under consideration. We will therefore 
discuss its application under the following headings: 


Lamps with Filaments in Vacuum 


The loss of energy from filaments in vacuum occurs almost entirely by 
radiation. The power consumption is approximately proportional to the 4.7 
power of the absolute temperature. From equation (18), we thus see that the 
candle-power fluctuations in such lamps increase with 2.7 power of the tem- 
perature. 

In tungsten lamps running at 1.0 watt per candle, the temperature of the 
filament is about 2400 deg. K, and the power consumption is about 0.54 watt 
per cm for a filament 1 mil in diameter. The mass of a filament 1 mil in diameter 
is 0.098 mg per cm of length. 

Substituting these data in (18), we obtain the following formula, which 
gives the relative candle-power fluctuation of a tungsten lamp at 1 watt per 
candle in terms of the frequency of the current and the diameter (d) of the wire 
in mils. 

19.2 
F= ja (19) 

For most purposes, it is more convenient to have a formula which involves 
only quantities directly measurable on the lamp. 

The current necessary to maintain a filament at 2400 deg. K is 0.197 d3/? 
amperes, where d is the diameter in mils. From this and the data previously 
given, we get the relations: (/ = length in cm) 

i = 0.197 dh 
wy = 0.54 dl 
m = 98x 10-* d?l (grams) 


From these three equations, we can readily obtain 


w, 5500 1860 
md ih 
Substituting this in (18) together with T = 2400 gives 
6.48 
== 20 
F= a, (20) 


This gives the relative candle-power fluctuation in tungsten lamps with 
filaments in vacuum operating at one watt per candle. When the lamps are 
run at any other specific consumption, the constant 6.48 should be replaced 
by a quantity which depends on the operating temperature. Thus we find the 
fluctuation (F) can be expressed by the formula: 


A 


F= fie 


(21) 
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The following table gives the values of A for different specific consumptions 
and temperatures: 











Taste I 
Watts per candle Temperature A 
3.0 | 2050°K i, 3.64 
2.0 i 2160 | 4.22 
1.5 2250 5.05 
1.25 2315 5.62 
1.00 2400 6.48 
0.80 2490 7.40 
0.50 | 2730 10.56 
0.30 \ 3050 15.60 





Effect of Helical Winding 


A straight filament of length / and diameter d has a mass m and requires 
a power w, to maintain it at a temperature 7). If this filament is now wound 
into a tightly coiled helix, the mass remains unchanged, but the power con- 
sumption to maintain the wire at T, decreases materially, since the wire now 
radiates only from those parts that lie on the outer surface of the helix. The 
effect of helical winding is to decrease the ratio w,/m and therefore, by equa- 
tion (17), to decrease the candle-power fluctuation in the same ratio. It 
is evident that the greatest possible reduction thus obtainable with filaments 
in vacuum by winding into a helix would be in the ratio 7:1. Practically, how- 
ever, the effect would be much less than this. Under ordinary conditions 
the effect of helical winding is to decrease the candle-power fluctuation in 
about the ratio 1.4:1. 

With filaments in gas, the effect of helical winding is much greater than 
in vacuum, for not only the radiated energy but also the heat carried from the 
filament by convection, is decreased by concentrating the filament into a small- 
er space. 


Candle-Power Fluctuations of Straight Filaments in Gases 


We see from equation (15) that the presence of gas increases F in the same 
ratio as it increases the wattage at a given temperature. 

In general, for a filament of any given diameter in a given gas, F will be 
given by an equation of the form (derived from 107). 


constant W’ 

fd W, 
where W’/W, is the ratio in which the power is increased by the presence of the 
gas. For straight filaments in nitrogen, the writer has already published (Trans. 


F= 


14 Langmuir Memorial Volumes IT 
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A. I. E. E. for 1913, p. 1912) a table of the specific consumption of filaments 
in nitrogen at various temperatures as compared with that in vacuum. From 


these data the following table (II) is prepared of the function const Ls 
0 


which, for convenience, we will call 8. 
The relative candle-power fluctuation is thus equal to 


F= 


S| 


Tasie II 


Value of B for Straight Filaments in Nitrogen at Atmospheric Pressure 





Watts per 





Temp. of candle in Diam. Diam. Diam. Diam. Diam. 
filament vasaana 1 mil 2 mil 5 mil 10 mil 20 mil 
2400 1.00 2 | 30 78 | 30 13 
2600 0.63 94 32 8.6 3.4 1.5 
2800 0.45 98 34 9.4 4.0 1.7 
3000 0.33 102 36 10.2 | 4.4 2.0 





Table III gives similar data for straight tungsten filaments in hydrogen 
at two different pressures, 100 mm and 760 mm. This has been calculated 
from data on the power consumption of tungsten wires in hydrogen, published 
in the Physical Review (Vol. 34, p. 418, 1912), and from other similar data more 
recently obtained in this laboratory. It is interesting to note that the fluctuations 
are greater when the lower pressure of hydrogen is used. 


Tasre IIIT 
Value of B for Straight Tungsten Filaments in Hydrogen 

















100 mm 
Temp. of Watts per 760 mm of H, of H, 
= candle in 
filament -eneanien Diam. Diam. Diam. 
1 mil 2.8 mil 2.8 mil 
2000 3.4 340 64 46 
2200 1.7 370 70 50 
2400 1.0 410 78 66 
2600 0.63 520 96 90 
2800 0.45 620 118 132 
3000 0.33 780 146 176 
3200 0.26 1000 188 260 
3400 0.21 1200 | 226 360 
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As an example of the use of these tables, let us calculate the candle-power 
fluctuation of a 5 mil tungsten wire in nitrogen when run at the temperature 
equal to that of a filament running at 0.45 watts per candle in a vacuum. We 
see from Table I that 8 = 9.4 and therefore 


_ 94 


f 


With a 60 cycle current, F would thus be 0.157. This means that the candle- 
power would vary periodically (120 cycles per second) with an amplitude of 
approximately 7.8 per cent. The ratio of the extremes in candle-power would 
be 1.078:0.922, or 1.17. 

It is evident from Table III that the amount of fluctuation that can be 
obtained with straight filaments in gases, especially hydrogen, is enormously 
great. 

For example, for a one mil wire run at 3000 in hydrogen at atmospheric 
pressure, we have 


780 
ae 

Thus, with a frequency of 3900 cycles, the relative candle-power fluctuation 
would be 0.2; that is, the candle-power would vary between extremes 0.9 to 
1.1 of the mean candle-power. With a frequency of 780 cycles, the value of 
F would be unity. Since we defined F as A In H and since In 2.72 is unity, we 
see that the value F = 1 corresponds to a change in candle-power in the ratio 
of 1:2.72. 

With currents of such high frequency of course the flicker would not be 
noticed, but with a rotating mirror, the stroboscopic effect would be very ap- 
parent. 

A qualitative study of the stroboscopic effects obtained with tungsten 
lamps and of the effects caused by the introduction of gases, has been made 
by C. F. Lorenz (Electrical World, Nov. 30, 1912). The results obtained seem 
to be in general accord with the equations derived in the present paper. 


Experimental Determination of Candle-Power Fluctuations 


The equations already given should render it possible to calculate accu- 
rately the relative candle-power fluctuations in any type of incandescent lamp 
run on alternating current. 

The greatest source of uncertainty is due to lack of extensive experimental 
data on the specific heat of tungsten at high temperatures. The error that 
could creep into our equation from this source would hardly exceed 5 or 10 
per cent. 


le 
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It was thought well, however, to put the equations to a practical test by 
making an actual determination of the candle-power fluctuation on a couple 
of lamps. 

For this purpose an eight-pole synchronous motor was fitted up with a ro- 
tating sector consisting of a disk with eight teeth along its circumference. The 
space between the teeth was made equal to the width of the teeth. This ro- 
tating sector was set up in front of the opening of a portable Weber photom- 
eter, which was sighted on the test lamp. By running the synchronous motor 
from the same alternating current supply as that used for the test lamp, it 
was possible to determine the candle-power of the lamp at any part of the cycle. 
The rotating sector was shifted in front of the photometer so that first a maxi- 
mum and then a minimum reading was obtained, each reading corresponding 
to the average candle-power during one-half of a cycle of temperature fluctu- 
ation, the two half cycles being displaced 180 degrees in phase. 

Two test lamps were studied. 

The first lamp was a standard tungsten lamp having the following charac- 
teristics when run on direct current at its rated voltage: 

28 volts 
0.453 ampere 
9.3 candle-power 
12.7 watts 
1.37 watts per candle. 

This lamp was photometered through the rotating sector when running at 
28 volts on 29 cycle alternating current. 

In shifting the phase by moving the rotating sector, the ratio of the maxi- 
mum to the minimum candle-power was found to be 1.23 as the average of 

number of closely agreeing determinations. The maximum and minimum 
values thus measured are not the true maximum and minimum, but are aver- 
ages during two half cycles. It can be readily shown that the maximum varia- 
tion in candle-power is 1/27, or 1.57 times the average variation during one 
half cycle. The value of F is thus found to be 


F = 7-1n 1.23 = 0.324 

This means that the relative candle-power fluctuation is 0.324 of the mean 
candle-power. Or, more accurately, from equation (15), the ratio of the true 
maximum candle-power to the minimum is 1.38, or again, if we take 9.2 to 
represent the normal candle-power of the lamp, the instantaneous candle-power 
varies between the limits 7.8 and 10.8. 

Let us now compare this result with that calculated from our equations. 
Since the lamp was a regular tungsten lamp with exhausted bulb, we can cal- 
culate F from equation (21), taking the proper value of A from Table I. 
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As the lamp was running at 1.37 watts per candle, we interpolate between 
the values for A given for 1.25 and 1.50 watt per candle, and find A = 5.3. 
Substituting this, together with f = 29 cycles and i = 0.453 amp. in equation 
(21), we obtain 

F= 0.31 


This value is in first class agreement with that found by direct photometer 
measurement, namely, F = 0.325. 

The second lamp tested was a 6.8 ampere nitrogen filled lamp. The charac- 
teristics on direct current were 

19.1 volts 

6.80 amperes 

237 candle-power 

130 watts 

0.54 watts per candle. 

Temperature of filament 2850 deg. K. 


This lamp was photometered through the rotating sector when running 
at 19.1 volts on 26 cycles alternating current. The ratio of the average maxi- 
mum to the average minimum reading was 1.07. This gives, for F 


F= + In 1.07 = 0.104. 


With this lamp no flicker was observable, and it was only with difficulty 
that any stroboscopic effect could be detected by watching strips of white 
paper pasted onto the rotating sector. 

The calculation of F may be carried out as follows: The specific consumption 
of a filament in a vacuum at 2850 deg. is 0.42 watt per candle (see Table III) 
as against 0.54 watt per candle for the test lamp which had a helical filament 
in nitrogen. At constant filament temperature (therefore constant resistance), 
the current taken by a lamp must be proportional to the square root of the 
wattage. Therefore, if the nitrogen in this lamp had been pumped out, while 
the filament temperature was maintained constant, the current would have 
been decreased in the ratio }/54:)/42 = 1.13. We have seen that the effect 
of helical winding is to decrease the wattage consumed by a given length of 
wire in the ratio 1.41:1. The ratio of the current taken by a straight to that 
of helically wound wire in vacuum is therefore }/1.41 = 1.19. Hence the ratio 
of the current in the nitrogen filled lamp to that which would be required to 
heat the same wire tothe same temperature in vacuum after uncoiling it, is 

au 21, or 0.95 

The wattage is therefore less in the ratio (0.95)?:1 or 0.90. Therefore, if 

we calculate from equation (21) the relative candle-power fluctuation for a fila- 
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ment taking 6.8 amperes at 2850 deg. K. in vacuum and multiply the result 
by 0.90, we obtain the calculated value 
11.5 


F= 09 a exs.an = 0.123 


The value of F may also be obtained more directly (by equation 18) from 
the weight of the filament. In the nitrogen lamp used in the above test, the 
weight of the filament (m) was found to be 0.101 gram. Substituting this to- 
gether with w, = 130, f = 26 and J, = 2850 in (18) we obtain 

F = 0.127 

Both these calculated results are in satisfactory agreement with the value 

0.104 obtained experimentally. 


Candle-Power Fluctuations in Commercial Tungsten Lamps 


The experimental tests having shown that the equations give results in 
agreement with observations, we may now calculate the candle-power fluctu- 
ation of various standard tungsten lamps run at their normal voltages on alter- 
nating currents of various frequencies. These results are given in the two 
tables (IV and V). 






































Tas.e IV 
Candle-power fluctuations (F) for 110 volt tungsten lamps with exhausted bulbs 
| F 
Watts per 
Watts Am rn ier 
: aad candle 25 cycles 40 cycles | 60 cycles 
10 0.091 1.30 1.08 0.68 0.45 
15 0.136 1.25 0.87 0.54 0.36 
20 0.182 1.17 0.72 0.45 0.30 
25 0.228 1.14 0.64 0.40 0.27 
40 ‘ 0.363 1.10 0.48 0.30 0.20 
60 0.545 1.07 0.37 0.23 0.15 
100 0.91 1.02 0.27 0.17 0.11 
150 1.36 | 0.90 0.22 0.14 0.09 
250 | 2.27 0.90 0.16 0.10 0.07 
500 \ 4.55 0.90 0.10 0.06 0.04 
TABLE V 
Candle-power fluctuations (F) for nitrogen filled tungsten lamps with helical 
filaments 
Amperes | Watts per | Li 
| candle | 25 cycles | 40 cycles | 60 cycles 
3.0 0.9 | 0.25 0.15 0.10 
5.0 | 0.7 | 0.14 0.08 0.06 
6.6 j 0.6 0.11 0.07 0.05 
10.0 | 0.55 | 0.08 0.05 0.04 
20.0 | | 0.40 | 0.05 0.03 0.02 
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If the values of F given in these tables be multiplied by 100, the result 
will express the candle-power fluctuation directly in per cent. 

It is seen at a glance from these tables that the candle-power fluctuations 
in the nitrogen filled lamps are negligible. Thus a 5.0 ampere nitrogen filled 
lamp on 25 cycles shows a total fluctuation of candle-power of only 14 per cent, 
an amount too small to be observable, being less than that of a 250 watt vac- 
uum lamp. 
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Physical Review 
Vol. VI, No. 2, 138, August (1915). 


SEVERAL years ago (in 1910), during an extended investigation of the charac- 
teristics of tungsten filaments, the need arose for a simple means of determin- 
ing the temperatures of the filaments. The setting up and calibration of special 
pyrometers would have seriously delayed the work in progress, and it was 
therefore decided to make as good an estimate of the temperatures as possible 
from data already available. 

The candle-power, power consumption, and resistance of the filaments 
were the quantities of most interest and most easily measured. Any one of 
these variables might serve as a basis for a temperature scale, but the candle- 
power has marked advantages over the others. The resistance increases rela- 
tively slowly with the temperature and is very sensitive to the presence of 
impurities. The power consumption (wattage) increases more rapidly with 
temperature, but the law of variation was not definitely known. Furthermore, 
the wattage cannot be used to determine the temperature in case the filament is 
surrounded by a gas. 

Rasch’ had developed a relation between the total intrinsic brilliancy (H) 
of a black body and its temperature, which he expressed in the form 


log H = A 4B. (1) 


Haber? and Lucas* pointed out that this equation could be derived directly 
from the Wien equation by considering the total visible radiation to be re- 
placed by equivalent monochromatic radiation. 

Crova,‘ however, had shown that with ordinary light sources having a con- 
tinuous spectrum, it is possible to find a wave-length at which the monochro- 
matic intensities of the different sources are proportional to the total intensi- 
ties. Crova found this wave-length to be about 0.58 u. 


1 Ann. Phys. 14, 193 (1904). 

2 Thermodynamik technischer Gasreaktionen (1905), p. 271. 
* Phys. Z. 6, 19 (1905). : 

* Comptes Rendus 93, p. 512. 
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Nernst! tested Rasch’s equation over the temperature range from 1400° 
to 2300° and determined the values of the constants A and B. For this purpose 
Nernst filaments were measured, photometered, and set up in front of a black 
body furnace and brought to a temperature at which they disappeared against 
the background. The temperature of the furnace was determined by means 
of a carefully calibrated Wanner pyrometer, taking the melting point of gold 
as 1337°K (1064°C) and C, of Wien’s equation as 14,600. In this way he found 
that the temperature of a black body could be expressed as a function of its 
intrinsic brilliancy by the equation 
11,230 
T= $367—l0g,,K" (2) 


where K is the intrinsic brilliancy of the black body in Hefnerkerzen per sq. 
mm. The temperatures calculated from this equation agreed within 10° with 
those found by the Wanner pyrometer. The equation was also tested by com- 
paring it with some data given by Lummer and Pringsheim? on the total brill- 
iancy of a black body at three temperatures, 1449°, 1597°, and 1707°. In 
this case the calculated and observed temperatures agreed within 3°. 

In order to apply the above equation to the determination of the temper- 
ature of filaments, the relative emissivity of the latter as compared to a black 
body must be known. The reflectivity of tungsten at room temperauure (for 
4 = 0.579 4) was found by von Wartenberg® to be 48.6 per cent. About the 
same time, Coblentz measured‘ the reflectivity of tungsten over a wide range 
of wave-lengths. For the wave-length 0.579 4 his result was 51 per cent, as 
against von Wartenberg’s 48.6. From these results I have estimated that the 
reflectivity of tungsten would be about 49 per cent for the Crova wave-length 
of 0.56 yu. 

At the time of the adoption of our temperature scale there were no data 
available for the reflectivity or emissivity of tungsten at high’ temperatures, 
but there was much evidence that in the case of other metals the optical prop- 
erties were practically independent of the temperature even-over wide ranges. 
This was especially well shown by the papers of Henning,’ Rubens,* von 
Wartenberg” and Hyde’. 

Even if the emissivity should vary slightly with the temperature, the errors 
that would be caused by assuming it to be constant would not be very serious. 
Thus from equation (2) it can be shown that a 1 per cent error in the determi- 


» Phys. Z. 7, 380 (1906). 

* See Rothmud, Z. anorg. Chem. 31, 140 (1902). 

* Verh. deutsch. phys. Ges. 12, 105 (1910). 

* Phys. Rev. 30, 645 (1910); Bull. Bur. Standards 7, 202 (1911). 
* Z. f. Instrumentenkunde 30, 1195 (1910). 

* Verh. phys. Ges. 12, 172 (1910). 

? Ber. physik. Ges. 12, 121 (1910). 

* Astrophys. J. 36, 89 (1912). 
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nation of the intrinsic brilliancy or in the assumed value of the emissivity would 
lead to errors in the temperature determination of only 


0.4° at 1000°K 
0.9° at 1500 
1.5° at 2000 
2.4° at 2500 
3.5° at 3000 
4.7° at 3500 

Therefore, even with a five per cent change in the emissivity, the errors 
in the temperature scale would not exceed 24°. 

We may then safely assume, as a first approximation, that the reflectivity 
of tungsten at all temperatures is 49 per cent (for 2 = 0.56 4). The emissivity 
is thus 51 per cent. 

If we let H be the intrinsic brilliancy of a tungsten filament in internation- 
al candles per sq. cm, we have 


H 


K= Gai09xi0o tee: 
Substituting this in (2), we obtain 
11,230 
T= 7009— log, HH’ (3) 


To determine H experimentally, it is only necessary to measure the candle 
power and divide this by the effective projected area of the filament. In prac- 
tice the filament is usually in the form of a single loop, with the two legs nearly 
parallel. By photometering a filament of known diameter through a horizontal 
slit placed close to the lamp, and by making a simple geometrical correction, 
it is thus possible to determine the intrinsic brilliancy (H) with considerable 
accuracy. By the use of the slit errors due to the cooling effect of the leads are 
avoided. 

The absorption of light by the bulb usually amounts to about 3 per cent. 
However, this is offset by the departure from Lambert’s cosine law. Worthing* 
has shown that “the average brightness of a tungsten cylindrical filament, 
viewed normally to its axis from a distance, is about 3 per cent greater than that 
of the central part.” Since the reflectivity of tungsten as determined by von 
Wartenberg was for normal incidence, it is evident that the 3 per cent increase 
in brilliancy from the above cause would just compensate for the bulb absorption. 
Therefore we may consider that H in equation (3) is the apparent intrinsic 
brilliancy of the filament, as actually photometered through the bulb. 

In determining the intrinsic brilliancy of tungsten filaments in lamps run- 
ning at voltages considerably above their normal rating, values of H as high 


1 Astrophys. J. 36, 354 (1912). 
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as 6000 candles per sq. cm were readily obtained. According to equation (3), 
this should correspond to a temperature of 3460°K. Since there was always 
perceptible blackening of the bulb under these conditions it is evident that 
the melting point of tungsten must be considerably above 3460°. A note to 
this effect was published in 1911.1 


Subsequent experiments in which the blackening of the bulb was prevented 
by inert gases showed that the intrinsic brilliancy at the melting point is much 
higher than 6000 candles per sq. cm. 


The following tables gives some results obtained in the course of experi- 
ments on the dissociation of hydrogen.? The wire used was one of pure tungsten 
and had a diameter of 0.00706 cm. The candle power was measured while 
the voltage applied to the filament was gradually raised. The intrinsic brilliancy 
at the melting point was calculated from the photometer setting at the time 
that the filament melted. 

















Tasie I 
Le N Gas in lamp Candi rT 1K 
im, be e 
Pe Kind Pressure, mm sense PEE ea onP 
= 

6220-1 H, 760 7,020 3529 
6220-3 H, 200 6,450 3489 
6179-1 Ny 720 7,030 3530 
6179-3 Ny 200 | 7,120 3535 
6179—4 Ny 50 7,060 3532 
6179-5 - | 0 6,750 3510 
6321-2 | Hy 720 7,050 3531 
6321-1 j H, | 200 7,350 | 3551 
6435—5 H, | 750 7,460 3558 
6394—4 H, 200 6,850 3518 
6220—6 —- 0 6,790 3513 
| Average ........ 3528 

















In these measurements a Lummer-Brodhun photometer was usually used. 
To avoid the large differences in color between the two light sources, a blue 
glass screen was ordinarily placed on the side towards the standard lamp. This 
glass was calibrated by means of both a flicker and Lummer-Brodhun photo- 
meter, 


The temperatures gives in the table were calculated according to equa- 
tion (3). 

The mean of these results is 3528°K but since this method tends to give 
low results, weighted mean of 3540°K would appear more probable. Previous 


* Trans. Am. Electrochem. Soc. 20, 237 (1911). 
2 J. Am. Chem. Soc. 36, 1708 (1914). 





Google 


220 The Melting Point of Tungsten 


experiments, made in 1911 with filaments in vacuum, had caused us at that 
time to adopt this figure (3540°K) as the most probable value of the melt- 


ing point. 


Other Determinations of the Melting Point 


Determinations of the melting point of tungsten by other investigators 
have usually led to lower results. - 

Waidner and Burgess*, by an extrapolation of the current-temperature 
curve of about 1400°, estimated the melting point of tungsten to be 3470°K 
(3200°C). A little later’ they redetermined the melting point by similar methods 
and obtained 3350°K (3080°C). 

Wartenberg* determined the black body melting point of tungsten and 
by estimating the emissivity, concluded that the true melting point must lie 
between 3070° and 3120°K. Subsequently,’ he made use of his determination 
of the reflectivity* to recalculate the melting point from the earlier data, and 
thus obtained 3170°K. 

Pirani’ found, from about 1400° to 2000°K, a linear relation between the 
logarithm of the temperature and the logarithm of current through a tungsten 
filament. Extrapolating by means of this relation and applying a correction 
of about 200°, he obtained for the melting point 3500°K (C, = 14,500). Two 
years later, von Pirani and Meyer® determined the black-body melting point 
and from this calculated the true temperature by taking the emissivity (at 
A = 0.64 1) to be 51 per cent. Their result was 3270°K +60° for C, = 14,500. 

Shortly afterwards, v. Pirani® determined the emissivity of tungsten at 
high temperatures by means of a Holborn-Kurlbaum pyrometer and found 
(for A = 0.64 u) 48.5+7.5 per cent, showing that for tungsten the emissivity 
at high temperatures cannot be greatly different from that at room tempera- 
ture (51 per cent). 

Forsythe!® used two different methods in determining the melting point. 

In the first, an optical pyrometer was sighted on the inside of a carbon 
tube vacuum furnace containing a hairpin filament of tungsten. Thirteen 
observations of the melting point gave for an average 3247°K (C, = 14,500). 


1 This result was published in 1913, ¥. Am. Chem. Soc. 35, 944 (1913). 
* Bull. Bur. Standards 2, 319 (1906). 

* J. physique 6, 380 (1908). 

“ Ber. deutsch. chem. Ges. 40, 3287 (1907). 

5 Verh. d. physik. Ges. 12, 121 (1910). 

® Loe. cit. 

7 Verh. d. physik. Ges. 12, 310 (1910). 

* Verh. d. physik. Ges. 14, 426 (1912). 

* Physik Z. 13, 753 (1912). 

10 Thesis, Univ. Wisconsin, 1911. 
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In the second method, the black-body melting point was determined by 
“balancing the lamp filaments photometrically against the heater tube of the 
furnace and taking the temperature with the optical pyrometer.” In other 
cases, a tungsten strip was mounted in an exhausted water-cooled brass vessel 
with windows. Twelve determinations gave an average of 3070°K for the 
black-body melting point. This was then corrected for the difference between 
black body and true temperatures as found by extrapolation from observa- 
tions on wedges run up to nearly 3000°. The true melting point determined 
in this way was 3300°K, which was considered to be too high. 

Ruff! has published several results on the melting point of tungsten as 
determined in carbon tube vacuum furnaces. 

From the results obtained by all these investigators, the most probable 
value of the melting point would appear to lie between 3200 and 3300°K. 

This, however, is about 300° lower than the value we have found by the 
measurement of the total intrinsic brilliancy. 


Sources of Error 


To determine, if possible, the cause of this discrepancy, Dr. E. Q. Adams, 
of this laboratory, nearly three years ago made careful calculations of the tem- 
perature errors that might be due to the use of total brilliancy rather than 
monochromatic intensity. This calculation was based on Nutting’s recalcula- 
tion of Kénig’s data on visibility,2 Wien’s equation, and Coblentz’s data on 
the reflectivity of tungsten. 

The equation (2) given by Nernst (and therefore also equation 3) corres- 
ponds to a ‘‘Crova wave-length” of 0.565 y (taking C, = 14,600). Dr. Adams 
calculated that the true Crova wave-length should vary with the temperature 
of the light source, being about 0.575 wu at 2400° and 0.555 at 3500°K. The 
errors in the temperature scale due to taking a constant wave-length (0.565 1) 
are found never to exceed 20. 

A similar conclusion may be drawn from Ives’s analysis of Crova’s method 
of photometry.? According to Ives, the error in intensity due to taking a con- 
stant Crova wave-length of 0.565 u should not exceed about 3 per cent in 
the range from 2000° to 6000°K. We have scen that 3 per cent error in candle 
power would lead to an error in temperature of only 14° at 3500°. 

It is therefore evident that the discrepancy of 300° cannot be due to the 
use of Crova’s method. The other possible sources of error are: (1) a wrong 


1 These results are: 
2923° K. Ruff, Ber. deutsch. chem. Ges. 43, 1564 (1910). 
2858° K. Ruff and Goecke, Z. angew. Chem. 24, 1461 (1911). 
2923° K. Ruff, Z. angew. Chem. 24, 2245 (1911). 
3213° K. Ruff, Z. angew. Chem. 25, 1894 (1912). 

* Bull. Bur. Standards 5, 261 (1909) and 7, 238 (1911). 

* Phys. Rev. 32, 316 (1911). 
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value for the emissivity; (2) a wrong value for the constant in the denominator 
of Nernst’s equation (2). 

Even if the emissivity should be 70 per cent instead of 51 per cent the melt- 
ing point by the total photometric method would still be 3400°. The whole 
of the discrepancy therefore cannot be explained in this way. 

On the other hand, to account for the discrepancy by an error in the con- 
stant of Nernst’s equation, it would be necessary to assume that the candle 
powers determined by Nernst were 50 per cent too low, or that this tempera- 
ture scale was in error by 44° at the melting point of gold and 100° at the 
melting point of platinum. 

The above considerations all tend to confirm the substantial accuracy of 
the value of 3540°K as the melting point. 

There does not seem to be any single cause that could account for all the 
lower values obtained by others. Into many of the methods, however, one 
factor has entered which tends, according to our experience, to lower the 
melting point. This is the presence of vapors of carbon or compounds contain- 
ing carbon. 

In the manufacture of squirted tungsten filaments the latter were sintered 
by heating to a high temperature in hydrogen. It has often been noticed that 
the presence of even minute amounts of hydrocarbon vapors in the hydrogen 
very materially lowers the melting point and increases the specific resistance. 
When a filament is quickly raised to its melting point under these conditions, 
it is sometimes found that the surface layer melts and runs together in uniformly 
spaced beads along the wire, showing that the surface layer has a much lower 
melting point than the pure tungsten core. These effects are noticed equally 
well with drawn tungsten wire as with squirted filaments. 

Other experiments have shown conclusively that carbon not only lowers 
the melting point and raises the resistance, but increases the emissivity. The 
quantities of hydrocarbon vapor given off by vaseline or stop-cock grease at 
room temperature in vacuum are sufficient to bring about these changes in 
a very short time. 

The presence of carbon vapors in the experiments of Ruff and in those 
of Forsythe (1st method) could readily account for a lowering of the melting 
point of 300° or more. This objection does not apply, however, to Forsythe’s 
determination of the black-body melting point of the filament of an evacuated 
lamp. Only the results of one experiment of this kind are recorded. The pres- 
ence of carbon vapors, however, may have led to too high a value for the emis- 
sivity. Calculating from the difference between the black body and the true 
temperatures given by Forsythe, the emissivity at the melting point was found 
to be 61 per cent. If the value 51 per cent had been taken instead of 61 per 
cent, the result would have been 3395°, instead of 3303°.! 


‘ 
1 If the emissivity be taken as 0.46 per cent, the value found as a result of the present investi- 
gation, Forsythe’s data would lead to a melting point of 3450°. 
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At a later date, Mendenhall and Forsythe! gave the results of determinations 
of the emissivity of tungsten at high temperatures. They concluded that the 
emissivity varies from 45 per cent at 1400°K to 66 per cent at 3200°K. In 
these experiments, however, hydrocarbon vapors were present and there 
is a possibility that the errors were caused by the opening of a crack at the 
back of the V made from the two strips of tungsten. 


New Experiments on Melting Point of Tungsten 


In view of the difficulty of reconciling the value 3540° with the other deter- 
minations, it was decided to redetermine the melting point by methods which 
would be free from the objections of the total photometric method. An essen- 
tial part of such work is the determination of the emissivity at high temper- 
atures. 

Two methods were used. In the first, the black body melting point of 
large filaments in nitrogen was determined and the emissivity was found from 
measurements on helically wound filaments of various sizes in vacuum and in 
nitrogen. The second method consisted of measuring the brilliancy of a surface 
of molten tungsten and simultaneously determining the brilliancy of the image 
of a second surface of molten tungsten reflected in the first. Thus the 
reflectivity of molten tungsten was determined directly. 


Pyrometer 


The pyrometer used was of the Holborn-Kurlbaum type and resembled 
very closely that used by Worthing and Forsythe in the Nela Research La- 
boratory.? 

To avoid the errors due to diffraction, pointed out by Worthing and For- 
sythe, no changes were made in the settings of the apparatus throughout the 
whole series of measurements. Focusing was always done by mowing the 
background lamp. 


Screens 


Several nearly monochromatic screens were used in the eyepiece of the 
telescope. 

Screen a. — This consisted of a double thickness of Schott and Gnossen’s 
red glass No. 4512. This screen was kindly given me by Dr. Forsythe and is 
the same as that used in most of his work. Examined with a spectroscope, using 
a strong source of light (high efficiency tungsten lamp), the transmitted band 
is seen to extend from 0.637 to 0.730 u, with a maximum at 0.658 y. The center 
of gravity is seen to lie above the maximum, and by observation was estimated 
to lie at 0.661 yu. 


* Astrophys. 7. 37, 380 (1913). 
* Phys. Rev. 4, 163 (1914). 
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Screen b. — Wratten and Wainwright green gelatin screen No. 74 (also 
marked e’’). This transmits from 0.514 to 0.573 with a maximum at 0.539. 


Screen c. — A combination of Wratten and Wainwright screens 15 and 45. 
This transmits a narrow symmetrical band with the limits 0.513 and 0.553. 
The maximum transmission and the center of gravity appear to be at 0.530. 

To determine by independent means the equivalent monochromatic wave- 
lengths of these screens, the relative brilliancy of a large nitrogen filled lamp 
(filament straight, not helically wound) was measured by a Lummer-Brodhun 
photometer at a series of different temperatures, using successively the different 
screens in the eyepiece. 

According to Wien’s law, the intensity E, of the light of wave-length 4, 
emitted by a body at any temperature T7, is given by 

log E, = a,— ar ’ 
where b = 0.4343 C, and a, is a constant. For any other wave-length A,, the 
intensity E,, will be given by 


b 
log E, = a,— ZT’ 


where a, may be different from a. 
Eliminating T from these equations, we obtain: 


log E, = (<.—ay%4)+ Ftlog By. 

Therefore, by plotting log E, against log E, a straight line of slope ,/A, 
should be obtained. 

The values of E obtained by photometering the large lamp with the various 
screens were plotted in this way. By assuming that the equivalent wave-length 
A of screen ¢ was 0.530, the wave-lengths of the others were found from the 
slopes of the lines on the plot. 

The values for the equivalent wave-lengths found in this way are given in 
the second column of the following table, together with those estimated by 
direct spectroscopic examination (third column): 








Screen By photometer | By spectroscope 
pean ones = ! 
a | 0.667 fz | 0.661 
b | 0.537 | 0.539 
c | [530] | 0.530 





Only the screens a and 6 were used with the pyrometer. The wavelengths 


used in the calculation of the temperatures were those found by the photometric 
method. 
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Calibration of Pyrometer 


The first step in the calibration of the pyrometer was the determination of 
the relation between the luminous intensity of the pyrometer filament and the 
current flowing through it. This was accomplished by means of three rotating 
sectors (ratios 1/5, 1/20 and 1/100) and also by comparison with the large nitro- 
gen filled lamp which had previously been photometered through the screens, 
a, b, and ¢. Since the lamp had been photometered through a slit which screened 
off the cooled portions of the filament near the leads, the intensities determined 
by the photometer should be proportional to those observed in the pyrometer. 

The range’ over which the lamp had been photometered was a wide one, 
corresponding to temperatures from 1850° to 3040°K. The intensity between 
these limits increased about ninety-fold with the red screen and nearly 300-fold 
with the green. By the use of the sectors, it was therefore possible to obtain 
four curves of the relation between intensity and pryometer current, which 
overlapped one another to such an extent that the accuracy was much higher 
than could have been obtained without the sectors. Curves of this character 
were prepared with both screens a and b. 

The second step was now to determine the current through the pyrometer 
lamp corresponding to one or more fixed temperatures. 

A porcelain tube black-body furnace was set up to calibrate against the 
melting point of gold. 

Another furnace, consisting of a molybdenum wound alundum tube in 
a hydrogen atmosphere, was used for the melting point of copper. 

Several determinations of the black-body melting point of platinum were 
made. 7 

Finally, the pyrometer was checked against a heavy-filament, evacuated 
tungsten lamp which had been calibrated by Dr. W. E. Forsythe against a black- 
body furnace at the melting point of gold and at the melting point of palla- 
dium. 

In comparing the observations at these different temperatures, applica- 
tion was made of Wien’s law using C, = 14,390 4. This value was chosen as 
a weighted mean of Warburg’s value 14,370! and Coblentz’s value 14,456.? 

The temperature scale was then so fixed that the mean of the results obtained 
for the gold melting point agreed with Day and Sosman’s value, 1062.4°C. 
In the following table the “observed melting points” were those found with 
the pyrometer calibrated in this way. In each case, screen a was used. 

The data for platinum were found by determination of the black-body 
melting point of short loops of pure platinum wire (0.025 cm diameter). Three 
of these were mounted in incandescent lamp bulbs which were exhausted and 
filled with pure nitrogen. One of these bulbs was accidentally cracked so that 


1 Ann. Phys. 40, 609 (1913). 
2 Jahrb. d. Radioakt. 10, 340 (1913). 
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Tape II 
Calibration of Pyrometer 























| Observed | Actual melting point 
| melting point 
| (°K) °K °c 
T 
1335 | 1335.4 | 1062.4? 
1332 ) | - 
| 1338 i ’ 
1358 1356 | 1083! 
Platinum (in nitrogen) ... read | 2022 2026 | 1753? 
5 (in nitrogen) ............04. | 2024 2026 : 1753 
» (in air) | 2040 =| (2026 ; 1783 
» (in air) stéien ctl 2037 | 2026 1753 
Gold (Forsythe’s lamp)............... | 1338 1335.4 H 1062.4° 
Palladium (Forsythe’s lamp)........... | 1824 1822.2 | 1549.24 





air entered the bulb. With each of these lamps, after the platinum wire had 
been melted, the bulb was broken open and its absorption was determined 
(usually about 9 per cent).5 The fourth determination of the platinum melting 
point was made with a loop of wire in the open air. In each case, by careful 
exploration of the temperatures along the wire while somewhat below the melt- 
ing point, it was possible to observe the wire at the place where it ultimately 
melted. 

From these black-body melting points the “true” melting points were 
calculated by taking the emissivity (for 4 = 0.667) to be 33 per cent, the value 
recently given by Burgess and Walterberg.® 

It is interesting to note that the melting points determined in air are about 
15° higher than those found in nitrogen. If, however, the emissivity in air had 
been 35.6 per cent instead of 33 per cent, this difference would be accounted 
for. Through the pyrometer the surface of the platinum wire appeared to be 
rather rough, or pitted, as compared with the usual surface of tungsten wires. 
Considering the uncertainty in the emissivity, the agreement with the results 
of Day and Sosman is very satisfactory. 

Having thus calibrated the pyrometer with screen a@ it was now calibrated 
with screen 6 by setting up the black-body furnace before the pyrometer and 
comparing the readings obtained with the two screens. 


1 Jahrb. d. Radioakt. 10, 340 (1913). 

2 Day and Sosman, Phys. Rev. 30, 412 (1910). 

3 Day and Sosman, Phys. Rev. 30, 412 (1910). 

* Day and Sosman, J. de Physique 5, 899 (1912). 

5 This 9 per cent includes reflection from the inner and outer surfaces of the bulb and is not 
all due to absorption. With the photometer the correction for bulb absorption is much less (3 per 
cent), because the reflected light is not lost. 

* Phys. Rev. 4, 546 (1914). 
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Emissivity of Solid Tungsten 

Upon throwing an enlarged image of the helically wound filament of a nitro- 
gen filled lamp upon a screen, one is struck by the relatively large difference 
in the intensity of the light from the interior and exterior parts of the helix. 
With a portable Weber photometer the intrinsic brilliancy of these adjacent 
parts of the image were found to differ by a ratio as large as 1:2. Examination 
of the image seemed to show that this effect was not due to a difference of tem- 
perature between the inside and outside, for there were small areas on the inside 
which were approximately the same intensity as 
the outside surface and on the other hand, there 
were strips along the edges of the outside portions 
which were nearly as bright as the brightest 
portions inside. 

The difference in intensity appeared to be due 
entirely to reflection of light from one portion of 
the helix to another. In Fig. 1 is represented 
a longitudinal cross-section ‘of a filament of this 
kind. The typical paths followed by light rays 
reflected from such a filament are shown by the letters A, B, C, D. In the 
case A there is no opportunity for multiple reflections and brilliancy of the 
surface is therefore the same as that of a straight filament. The ray B, however, 
is reflected several times and the intensity therefore approaches closely to that 
of a black-body at the same temperature. It is evident that narrow strips on 
each side of the wire, as indicated by the heavy lines at F, should appear to be 
of higher intensity. Similarly, the ray C is reflected many times, while D is 
only reflected once. Therefore there should be a very narrow strip in the posi- 
tion indicated by F, where the intensity is as low as that at A and on each side 
of this the intensity should be high. 

Examination of an enlarged image of the filament clearly shows the pres- 
ence of the dark and light portions in the positions to be expected. : 

Furthermore, if the helically wound filament is in the shape of a V with the 
two legs close together, the reflection of one leg in the other is clearly visible 
and the intensity of the reflected image can be measured approximately. 





That the variations in the intensity cannot be due to temperature differences 
can be calculated readily from the known energy input and from Worthing’s 
data on the heat conductivity of tungsten at high temperatures. Even if we 
assume the whole of the heat to be generated at the inner side of the wire and 
all radiated from the outer surface, the difference in temperature for a wire 
0.5 mm in diameter would not exceed about 5° with the filament at 2900°. 
Actually, however, the effect must be much less than this, especially with the 
smaller wires and lower temperatures. 


1 Phys. Rev. 4, 535 (1914). 
15° 
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A determination of the relative brilliancy of the brightest and darkest por- 
tions of a helically wound filament may therefore serve as a basis for calculating 
an approximate value for the emissivity. However, because of the departure 
from true black-body conditions within the helix, this value will always be 
somewhat higher than the actual emissivity. 

Three lamps were made up with helically wound filaments from wires of 
different sizes. The filaments were wound so as to be all geometrically similar. 
Thus, in each case, the mandrel on which the helix was wound had a diameter 
1.5 times that of the wire used, and the pitch of the helix was 1.33 times the 
diameter of the wire, so that the space between consecutive turns was 0.33 of 
the diameter. The diameters of the three wires were 0.202, 0.305 and 0.635 mm. 

Each filament consisted of a V containing 30 turns per leg. The filaments 
were mounted in large bulbs filled with pure nitrogen. The results obtained 
with these lamps are given in Table III. The currents given are those which 
were necessary to heat the helical filament to the temperature indicated. The 
last column gives the ratio between the brilliancy of the outside part of the 
helix and that of the brightest portion inside. If strictly black-body conditions 
prevailed inside the helix, this ratio would be the true emissivity of tungsten. 
Actually, however, the emissivity must be less than this. 

The fact that the emissivity found in this way does not vary appreciably 
with the diameter of the wire nor with the temperature, is confirmation of 
our theoretical conclusion that the difference in brilliancy between the inner 
and outer portions cannot be due to a difference in temperature. s 

The helical filaments of lamps 1, 2, and 3 were wound with such a large 
spacing that the conditions inside the helix did not approach very closely to 


Taste IIT 
‘Emissivity of Tungsten by Observation of Helical Filaments 











Lamp No, . | Piam-of "| Current, amps| “fitment | scene | soreen 
1 0.202 3.04 | 2040°K 0.50 _ 
452 | 2720 0.47 = 
2 ' 0.305 7.66 2050 0.52 | —_ 
| 12.64 2870 0.51 ; - 
3 0.635 | 16.26 | 2030 0.51 | — 
27.1 2820 0.52 | _ 
4 0.635 | 1.7 1430 0.507 | 0.512 
15.3 | 2070 0.497 | 0.538 
5 0.635 | 9.6 1450 0.465 | 0.481 
16.0 2060 0.468 0.485 
28.4 2950 0.465 0.502 
6 0.51 15.0 2320 0.510 | - 
| 20.0 2900 0.486 | - 
22.0 3110 0.481 | _ 
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those in a black-body. To overcome this difficulty as far as possible, lamps 
4, 5, and 6 were made up with helical filaments in which the spacing between 
turns was made as small as was found practicable without too great danger 
of short-circuiting adjacent turns. The average spacing was roughly '/, of the 
diameter of the wires. Lamp 4 was evacuated and the tests were made with 
the lamp in this condition. Lamps 5 and 6 were filled with pure nitrogen. The 
filaments in each case were aged before the measurements were made, as pre- 
liminary tests showed that unless this was done the emissivity was much higher 
(about 0.60). 

The emissivities obtained with lamps 4, 5 and 6 were consistently lower 
than those found with the first three lamps. Judging from the data obtained 
with lamp No. 5, the true emissivity must be 0.465, or lower for a wave-length 
4 = 0.667 (screen a) and 0.485 or lower for A = 0.537. 

By another method, which will be described below, the emissivity of molten 
tungsten was measured and found to be 0.425, while the emissivity of solid 
tungsten was seen to be distinctly greater than that of the liquid. 

From these considerations, we may adopt 0.46 as the most probable value 
of the emissivity of solid tungsten for 2 = 0.667. For green light (A = 0.535), 
we may take the emissivity to be 0.48. These values are in good agreement with 
Littleton’s' determination of the reflectivity of ductile tungsten at room tem- 
perature. Littleton found R= 0.545 for A= 0.589, ‘which corresponds to 
an emissivity of 0.455 for this wave-length. Evidently, the reflectivity of tung- 
sten does not change appreciably over the whole range from room temperature 
up to the melting-point. 

Melting Points of Tungsten Filaments 

Several lamps were made up containing short filaments (about 6 cm long) 
mounted in the form of a single hair pin loop. The bulbs were exhausted while 
heated an hour to 360°C, filled with pure, dry nitrogen and sealed off. 

These lamps were set up, one by one, on the pyrometer, the temperature 
of the filament was gradually raised to about 3100°. 

The temperatures of the filament were not quite uniform, the hottest parts 
usually being about two thirds of the way from the tip to the lead. The lower 
portion was cooled somewhat more by convection currents than the upper 
part, while the upper third was cooled by conduction of heat to the leads. By 
tilting the lamp slightly, so that one leg of the filament was vertical while the 
other was somewhat inclined, the temperature of the vertical leg became distinct- . 
ly higher than that of the other. The hottest point of each filament was located 
by exploration with the pyrometer and it was thus always possible to sight 
the pyrometer on the portion at which melting first occurred. The life of the 
filaments at the highest temperature was so greatly increased by the surround- 
ing atmosphere of pure nitrogen that the temperature could be raised very 


1 Phys. Rev. 35, 308 (1912). 
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slowly to the melting point. Usually, the actual melting lasted for several seconds, 
so that accurate pyrometer settings could be made. 

After the filament had burned out the bulbs were broken open and the absorp- 
tion coefficient of the bulb was determined. In every case this was approxi- 
mately 10 per cent. 























Taste IV 
. Screen a 
- Filament diameter | - . 5 
Lamp No. cm Temp. of melting point 

2 - if Black body, A = 0.667 True 
7 0.0254 3134°K 3532°K. 

8 0.0254 3129 3526 

9 0.0254 | 3137 3535 

10 0.0127 3111 3503 

11 0.0127 3143 3544 

12 0.0127 3149 3552 

Average sic dey ses suneanagaurirescke | 3134 t 3532 











Table IV gives the results obtained in this way. The black-body tempera- 
tures have been corrected for bulb absorption. The true temperatures were 
calculated from black-body temperatures by taking the emissivity (for 
4 = 0.667 14) to be 0.46. 

The filaments of lamps 9, 10, and 12 were of exceptionally pure tungsten, 
while the filaments of lamps 7, 8, and 11 were of “‘thoriated tungsten’’; that is, 
tungsten made from a mixture of pure tungsten with about 11/, per cent of 
thorium oxide. It is evident that the presence of the thorium oxide does not 
appreciably lower the melting point. 


Determination of Emissivity and Melting Point by Means of an Arc between 
Tungsten Electrodes 


An alternating current arc was made to pass between two tungsten elec- 
trodes in nitrogen at atmospheric pressure. With sufficiently high current density 
the ends of both electrodes melted and formed mirror-like convex surfaces in 
which multiple reflections of the two electrodes could be seen. These surfaces 
were maintained above the melting point without perceptible change, for periods 
of half an hour and more, during which time the intrinsic brilliancy of the mol- 
ten tungsten and of the successive reflected images were repeatedly measured. 
This gave a direct determination of the reflectivity of molten tungsten and 
a simultaneous measurement of the black-body temperature. 

The shape and relative positions of the two electrodes are sketched in Fig. 2. 
The dimensions of the electrodes were approximately as follows: greatest diam- 
eter 2.0 mm; distance apart 1 mm; least diameter 0.3 mm; length of large 
part 2.5 mm. 
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The extent to which the ends melted could be controlled by adjusting the 
current. At first only a small wandering spot of molten metal was seen, but 
with larger currents the end of each electrode became uniformly melted and 
assumed a slightly convex form in which the opposite electrode formed a beauti- 
fully reflected image (B, Fig. 1) of elliptical shape. Inside of this image could 
be seen a series of concentric ellipses which constituted the successive multiple 
reflections between the two electrodes. Altogether, four such images could 
be distinguished, although only the first two were large enough to allow accu- 
rate determinations of their intrinsic brilliancy. 

The molten tungsten was readily distinguishable in the pyrometer from 
the solid. In the first place, the solid tungsten always appeared brighter than 
the molten tungsten in contact with it. Furthermore, the crystalline structure 
of the solid could be clearly seen, especially if it had previously been melted. 

The surface of the molten tungsten was always perfectly uniform and en- 
tirely devoid of visible structure. 

The arc itself was practically non-luminous. A reading of the pyrometer 
when set on the space between the two electrodes showed an intrinsic brilliancy 
only 1.0 per cent of that of the electrodes. This measurement gives the scat- 
tered light in the pyrometer as well as from the arc itself. 

If we let r be the reflectivity of tungsten and take as the unit of intrinsic 
brilliancy that of the surface of molten tungsten at A (Fig. 2), then the brilliancy 
of the first image (B) should be 1+,7 and that of the second image (C) should 
be 1+r-+r?. The average of about twenty closely agreeing determinations of 
intrinsic brilliancy on two pairs of electrodes using the screen a, gave the result 
shown in Table V. 











TaBie V 
Reflectivity of Molten Tungsten 
Screen a 
eae | Relative Brilliancy | Calculated 
| Observed | Theoretical | r = 0.575 
| 1.00 | 1.00 1.00 
1.59 1l+r 1.575 
1.89 | l+rt+r 1.905 








The observed ratios are in good agreement with the theoretical relation if 
we take the reflectivity r to be 0.575. This corresponds to an emissivity of 0.425 
for molten tungsten (A = 0.667). 

In measuring the black-body temperature of the molten tungsten in deter- 
mining the melting point, care was taken to observe a portion of the surface 
close to the edge of the molten pool, to avoid errors due to superheating of the 
liquid. The observations were made with the line of sight as nearly normal to 
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the surface of tungsten as possible, for the departure from Lambert’s cosine 
law would otherwise cause errors. 

Several determinations of the black-body melting point with the red screen 
(a) gave, after correction for bulb absorption (10—17 per cent), an average 
of 3124°K for 4 = (0.667). 

This corresponds to a true temperature of 3566°K if we take the emissivity 
of molten tungsten (for A = 0.667) to be 0.425. 

Only one determination of the black-body temperature was made with the 
green screen (b) and this gave 3322°K (for 4 = 0.535). 

The emissivity of molten tungsten was not measured with the green screen, 
but if we assume that the difference between the emissivity for green and red 
is the same for molten as for solid tungsten, we may take 0.445 as the emissiv- 
ity of the liquid for green light, This gives for the true temperature of the 
melting point 3550°K a value 16° lower than that found with the red screen. 


Discussion of Results 


Let us now examine the sources of error involved in the three methods we 
have used. 

The errors of the total photometric method we have already discussed, and 
our conclusion that this method should not be seriously in error is amply veri- 
fied by the results obtained by the last two methods. Thus, by the total photo- 
metric method we have obtained 3540° as the most probable value for the melt- 
ing point, while the pyrometer observations on filaments have given an average 
of 3532° and the observations on the arc electrodes, 3566°. 

The main sources of error in the pyrometer methods are: 

1. Errors in calibrating at the gold or palladium melting point. 

2. Errors in determining the equivalent monochromatic wave-length of 
the screens. 

3. Errors in the constant C, of Wien’s equation. 

4. Errors in calibrating the foreground filament. 

5. Errors in determining the emissivity. 

6. Errors in taking the pyrometer readings. 

The errors in calibrating against the gold and palladium melting-points 
are probably not over 2 or 3° at the gold point 1335° or 5° at the palladium 
point. An error of 1° at the gold point would cause an error of 7° at the tung- 
sten melting point. 

Probably the greatest source of error is in determining the equivalent wave- 
length for the screens.! If we assume that the calibration at the palladium point 
is correct, then an error of 1 per cent in determining this wave-length (or a 1 per 
cent error in C,) would cause an error of 32° at the tungsten melting point. 


1 At the Washington meeting of the American Physical Society, April 24, 1915, Dr. Hyde 
gave the effective wave length of transmission of the red glass screen, a, as 0.664 yu. 
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The value A = 0.667, which we have taken for the red screen, is perhaps a little 
too high, although it is certain that it cannot be less than 0.661. There is thus 
a possibility that this wave-length is nearly 1 per cent too high. If so, the values 
for the melting point should be lowered about 30°. 

An error of 1 per cent in measuring the brilliancy of a filament involves an 
error of 6° with the red screen, or 5° with the green at the tungsten melting point. 

The melting points determined by sighting on filaments should tend to 
be low, whereas those found by observing molten tungsten should be high. 
The most probable value is the mean of the two. Taking the pyrometer meas- 
urements on the filaments and the arc electrodes (with red screen only), we thus 
obtain 3549°. In view of the fact that the equivalent wave-length of the screen 
may have been taken too high, we can hardly do better than accept as a final 
result, the value we have previously obtained by the total photometric method, 
namely, 3540°. 

Taking all the known sources of error into consideration, it would seem 
hardly possible that the error involved in these results should exceed +30°. 


Summary 


Observations on evacuated and on gas-filled tungsten lamps indicate that 
the intrinsic brilliancy of solid tungsten, at a temperature just below the melt- 
ing point, is about 7200 international candles per sq. cm. ; 

According to Rasch’s equation, with constants determined by Nernst, and 
with an emissivity determined by v. Wartenberg, Coblentz and v. Pirani, this 
intrinsic brilliancy should correspond to a temperature of 3540°K for the melt- 
ing point. 

An analysis of the sources of error of this method gives no reason to suspect 
an error greater than 50°. 

Two other methods for determining the melting point by means of a Hol- 
born-Kurlbaum pyrometer are also used. 

In the first method, the black-body temperature of tungsten filaments heated 
to their melting point is determined, while the emissivity is measured by obscr- 
vations on helically wound filaments. 

In the second method, an alternating current arc is passed between two 
tungsten electrodes placed close together in an atmosphere of nitrogen, and 
the current is increased until the surfaces of both electrodes are molten. By 
measuring the intrinsic brilliancy of the molten surface, as well as that of the 
image of one electrode reflected in the other, the black-body temperature and 
the reflectivity can be simultaneously measured on the same surface. 

The first of these methods gave for solid tungsten an emissivity of 0.46 
(for A = 0.667 4) and an average melting point of 3532°K. 

The second method gave as the emissivity of molten tungsten 0.425 (for 
A = 0.667 y) and a melting point of 3566°K. 
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From a consideration of the sources of error involved in the determination, 
it is concluded that the most probable value for the melting point of tungsten 
is 3540°K +30°. 

The writer wishes to express his indebtedness to Dr. W. E. Forsythe for 
his help in the calibration of the pyrometer, and to both Dr. Forsythe and Prof. 
C. E. Mendenhall for valuable suggestions as to the use and construction of 
the pyrometer. He also wishes to express his appreciation of the valuable coop- 
eration and assistance in all the experimental work rendered by Mr. G. M. J. 
Mackay and Mr. C. V. Ferguson. 
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THE CHARACTERISTICS OF TUNGSTEN FILAMENTS AS 
FUNCTIONS OF TEMPERATURE’ 


Physical Review 
Vol. VII, No. 3, 302, March (1916). 


THE TUNGSTEN filament offers the simplest means of producing very high 
temperatures under conditions suitable for accurate measurement. There 
have been, however, considerable difficulties in determining the true tem- 
perature of such filaments, so that the results published by different investi- 
gators have differed by several hundred degrees. 

The characteristics of tungsten lamps have been investigated very exten- 
sively, but in nearly all instances only the relations between the variables — 
volts, amperes, and candle-power, or functions of these — have been studied. 
These variables, in fact, are the only ones with which the illuminating engi- 
neer is directly concerned. Probably the most complete investigation of this 
kind is that of Middlekauff and Skogland' who give by equations and tables 
the changes in candle power and amperes for any given change in the voltage 
applied to tungsten lamps. 

The physicist or chemist, however, is primarily interested in the relation 
between these variables (volts, amperes, and candle power) and the dimensions 
and temperature of the filaments. Pirani published some data on the relation 
between temperature and watts per candle and later gave data on the temper- 
ature of the resistance as a function of the temperature. 

Several years ago a detailed study of the characteristics of tungsten fila- 
ments as functions of the dimensions and temperature, was undertaken in 
this laboratory. The data thus obtained have been in continual use ever since 
and have served as the basis for the calculation of temperatures in several 
investigations which have been published.* 

More recently, in connection with a redetermination of the melting point 
of tungsten,® an optical pyrometer was set up, suitable for measuring the true 


* [Epitor’s Note: — This paper was published in G. E. Rev. 19, 208, (1916), See Abstract 
Phys. Rev. 7, 151 (1916), Also Abstract Phys. Rev. 7, 152 (1916).] 

1 Bull. Bur. Stand. 11, 483 (1915), and Trans. Ill. Eng. Soc. 9, 734 (1914). 

2 For example: ‘‘Convection of Heat in Gases,” Phys. Rev. 34, 401 (1912); ‘‘Vapor Pressure 
of Tungsten,” Phys. Rev. 2, 329 (1913); ‘‘Thermionic Currents,” Phys. Rev. 2, 450 (1913); 
“Dissociation of Hydrogen,” J. Amer. Chem. Soc. 34, 860 (1912), 36, 1708 (1914), 37, 417 (1915). 

2 Phys. Rev. 6, 138 (1915). 
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temperatures ot filaments with considerable accuracy. With this instrument 
a new study of the characteristics of filaments has been made and the results 
are now felt to be of sufficient accuracy to warrant their publication. 


General Theoretical Considerations 


Any property of a filament which varies with the temperature may be used, 
after proper calibration, as a means of estimating the filament temperature 
There are a large number of such properties and the choice of the one most 
suited to serve as the basis of a temperature scale, will depend entirely upon 
the experimental conditions. For example, the energy radiated per unit area 
might be adopted for a filament in vacuum, but would be very unsatisfactory 
if the filament were surrounded by a gas. 

The various properties (or methods) that may be utilized to estimate the 
temperature of filaments may be divided into four groups according to the 
knowledge of filament dimensions required, as follows: 

1. Requiring no dimensions: 

(a) Intrinsic brilliancy. 
(6) Color of light emitted. 
(c) Ratio of “hot” to “cold” resistance. 
(d) Watts per candle (W/C). 
2. Requiring both length and diameter: 
Ra? 


(e) Resistance, R’ = 7 


(f) Power radiated W’ = a 


(g) Candle power C’ = oo ; 


(A) Voltage V’ = ie =)WR'. 


: ta ee 

(i) Electron emission i’ = li’ 
3. Requiring diameter only: 

‘ 8 A /w 

(j) Current A =pemiV Re: 


length, d = diameter, 


= volts, A amperes, 
W = watts, R = resistance (ohms), 
C = candle-power (measured perpendicular to axis of filament); C is thus equal to the 


total lumens divided by 2? or to the mean spherical candle-power multiplied by 4/77; 
V’, A’, etc., specific properties, defined below. 
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c Cc 
) par = yr 


0 3 S-lf & 


(m) Candle power (using slit) - 


4. Requiring length only: 





@) “4 PR yer = 
opi, 

@ 1S yew. 
Cc Cc’ 

() aa = aye’ 


(9) ee =V(CPR. 





(r) Thermal ‘expansion 5 

(a) Intrinsic Brilliancy. — This is the property utilized in the Holborn- 
Kurlbaum pyrometer, and most other optical pyrometers, for the measure- 
ment of temperature. The use of intrinsic brilliancy for this purpose has the 
particular advantages 

1st. That measurement can be made at any point on a surface. 

2d. Extremely rapid increase with temperature. 

3d. Variation with temperature follows known laws. 

Only relative measurements of intrinsic brilliancy are involved in the use 
of a pyrometer. Since it has been shown! that the emissivity of tungsten does 
not change appreciably with the temperature, the variation of the intrinsic 


brilliancy of tungsten with the temperature is given accurately by Wien’s law 

(C, = 1.4392): 

Saeed 1 
(b) Color of Light Emitted. — The color of the light emitted by an incan- 

descent body may be used to estimate its temperature. This method is a very 


old one but has only recently been used for accurate pyrometry. Coblentz! 
and Hyde® showed that by properly adjusting the temperature, filaments of 


E —.62503 [ 1 1 
lw 5, = a (7) 


1 Phys. Rev. 6, 138 (1915). 
* Bull. Bur. Stand. 5, 359 (1909). 
2 Trans. Ill. Eng. Soc. 1909. 
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platinum, carbon, tungsten, or tantalum could be color-matched against a black 
body. This color match is made by setting up the filament on one side of a 
Lummer-Brodhun photometer, and a black body on the other side. By adjust- 
ment of the temperature of the filament and its distance from the photometer 
the color and intensity of the light from the two sources can be made identical 
within the limits of observation. Hyde! pointed out that when filaments of the 
above named materials were brought to a color match, the distribution of energy 
over the whole visible spectrum was the same for all filaments. Hyde states 
in fact that the color match method ‘‘is perhaps more sensitive than the spec- 
trophotometric method and yields results in close agreement with the latter. 
It is conceivable, of course, that two lamps might have the same color, and 
yet show different spectral distributions. Such a case has not yet been observ- 
ed. On the other hand it has been found that in certain cases, e.g., with the 
osmium vs. the carbon lamp, it is impossible to obtain exact color matches, 
although the spectrophotometric curves differ by an amount so small that the 
differences might well be ascribed to experimental error.” 

Hyde showed that a filament could be set at definite temperature as accu- 
rately by the color-match method as the usual pyrometric methods. 

The color-match method has been used for several years in this laboratory 
for estimating the temperatures of filaments.? It has proven to be of great prac- 
tical value and appears to be of more universal applicability than any other 
Pyrometric method. 

The relation between the true temperature of a filament and that of a black 
body which matches it in color has only recently been the subject of study. 
Hyde considers that ‘‘there is much reason to believe that under this condition 
(of color-match) they are not operating at the same true temperature” and 
reasons that the temperature of the filament should in general be lower than 
that of the black body. 

Lorenz*, by comparing the expansion of gases around similar filaments 
of platinum and tungsten which are alternately heated, concludes that filaments 
of these two metals are at the same true temperature when they are at a color- 
match. 

Paterson and Dudding,‘ in an extended investigation with carbon and tung- 
sten lamps, determine the relation between the watts per candle of these lamps 
and the temperature of a black body giving color-match. They also endeavor 
to find the difference in temperature between a platinum filament and that 
of a black body which color-matches it. They find as the average of about 30 
determinations (varying from 1727° to 1789°C) that the temperature of the 
black body which matches a platinum filament at its melting point (1753°C) 

* Jour. Frank. Inst. 169, 439 (1910); and ibid. 170, 26 (1910). 

3 Langmuir & Orange, Trans. Amer. Inst. E. E. 32, 1944 (1913). 


% Phys. Rev. 1, 332 (1913). 
* Proc. Phys. Soc. of London 27, 230 (1915). 
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is 1762°C. They also compare their data for the relation between watts per 
candle and temperature with published data (Forsyth, Pirani, Langmuir) on 
this relation. As a result they conclude that the differences in temperature 
between platinum or tungsten and a black body at color-match are small and 
probably do not exceed 1 or 2 per cent. 

We shall see, from experiments to be described later, that there is a distinct 
difference in temperature between tungsten and a black body which matches 
it in color, and that this difference is in the direction predicted by Hyde. The 
difference however is small compared to the difference between true temper- 
ature and black body temperature. 

(c) Ratio of ‘‘Hot” to ‘‘Cold” Resistance. — The ratio of the resistance 
at the temperature T to that at 0°C or at room temperature has often been 
used for estimating temperature (v. Pirani, Corbino, Somerville). 

This ratio affords the simplest and most convenient estimation of the tem- 
perature of filaments, and has the advantage that it can be used when the fila- 
ment is surrounded by gas, or even when its surface is tarnished by oxidation. 
In practice, however, the method proves to be one of the least accurate met- 
hods of estimating temperatures for the following reasons: 

1. The resistance increases relatively slowly with the temperature as comp- 
ared with most other properties used for temperature estimation. 

2. The resistance and its temperature coefficient are very sensitive to traces 
of impurities (carbon). 

3. At room temperature the resistance of the filament is often so low that 
uncertainties in the lead and contact resistances are apt to play a large part. 

(d) Watts per Candle. — This function has been used more than any other 
for the rating of tungsten lamps and is thus used as the basis of an arbitrary 
temperature scale. 

Pirani has published? tables giving watts per candle as a function of the 
temperature. 

Considerable confusion arises from the fact that the candle power may be 
measured in several ways: mean horizontal, maximum horizontal or mean 
spherical. For our purpose we shall measure the candle power of straight fila- 
ments in a direction perpendicular to their lengths. This corresponds most 
nearly to watts per mean horizontal candle power. 

The advantages in the use of watts per candle are: 

1. It requires no knowledge of the dimensions of the filament. 

2. The function increases much more rapidly with temperature than does 
resistance, and is not so greatly affected by impurities in the metal. 

The disadvantages are: 

1. Unless the mean spherical candle power is measured the results will 
depend on the geometrical configuration of the filament. 


* Verh. d. D. Phys. Ges. 14, 213 (1912), and ibid. 14, 681 (1912). 
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2. The watts per candle do not increase nearly as rapidly with the temper- 
ature as the intrinsic brilliancy or the candle power. 

3. Watts per candle cannot be used for estimating temperature when the 
filament is surrounded by a gas. 

(e) Resistance. —If 0 be the resitivity of tungsten at the temperature 7, 
then the resistance of a filament heated electrically to T will be 


4pl 
=e (2) 


For convenience let us place 


Equation (2) thus becomes 


Rok (3) 


where R’ is a function of the temperature only and is numerically equal to 
the resistance of a filament of unit length and unit diameter. 

(f) Power Radiated. — Since the energy radiated is proportional to the 
surface we may place for a filament in a vacuum 


, W 
W'= a’ (4) 
where W’ is numerically equal to the power (watts) radiated ices, a filament 
of unit diameter and unit length. _ 
According to the Stefan-Boltzman law the power radiated per sq. cm. from 
a black body is o7* watts per cm*. 
From a tungsten surface the power radiated per cm? will be EoT* where E, 
the ‘‘total emissivity,” is also a function of the temperature. We may thus place 


W' = nEoT. (5) 


(g) Candle Power. —If C is the candle-power of a filament measured in 
a direction perpendicular to the axis of the filament, then we may place 


ye ; 

age (9) 

where C’ (a function of the temperature only) is the total intrinsic brilliancy 

of the filament. This property differs, however, from (a), the intrinsic brilliancy, 

in being the calculated (mean) intrinsic brilliancy for the entire filament rather 
than the observed brilliancy of a small part of the filament. 

The quantity C’ can be theoretically calculated from the Planck equation, 

visibility function, emissivity of tungsten, and mechanical equivalent of light. 


Google INIVERSITY OF CALIFORNIA 


Characteristics of Tungsten Filaments 241 


The power radiated from a black body per sq. cm is 
C,a-* 
i= (7) 
et _—1 
If E, is the emissivity of tungsten for the wave-length A then E,J, will 


“be the energy of wave-length A, radiated from tungsten per sq. cm. The total 
light expressed in watts! is then 





Ly = J "WV, E,Jdh. (7a) 


By dividing this by M, the mechanical equivalent of light (in watts per 
lumen) we obtain the total lumens per sq. cm radiated by tungsten. To convert 
this to candles per sq. cm the value in lumens per sq. cm should be divided 
by xz. Thus 


me: 
Cae. (8) 


The function C’ served as a very convenient measure of temperature. It 
has the advantage over the measurement of intrinsic brilliancy by a pyrometer 
that it can be applied to filaments of very small diameter. The use of a photo- 
meter is often much more convenient than that of a pyrometer. In common 
with the pyrometer method it possesses the advantage of being applicable to 
filaments surrounded by gas. 

(h) Voltage. — If we take the square root of the product of W’ and R’ we 
obtain for a filament in vacuum 

a 
V'= WR = are , (9) 

Thus we see that the voltage drop per cm along a heated filament in vacuum 
is inversely proportional to the square root of the diameter. 

This relation is useful in determining what the length of a filament should 
be in order that it may be heated to a given temperature by a given applied 
voltage. 

(i) Electron Emission. — The use of electron emission to measure tem- 
perature was suggested by Richardson? but has apparently not been practically 
applied. Although under proper conditions’ the electron emission from pure 
tungsten in a high vacuum is reproducible and could serve as a very accurate 
measure of temperature, it is found in practice that the electron emission is 
so enormously affected by minute traces of such substances as thorium in the 

1 Ives, Astrophys. Jour. 36, 322 (1912). 

* Phys. Rev. 27, 183 (1908). 

* Langmuir, Physik Zeitsch. 15, 516 (1914). 
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filament or oxygen or water-vapor in the surrounding space, that this method 
is less reliable than almost any of the others considered in this paper. 
(j) Current. — By taking the square root of the quotient of W’ by R’ we 


obtain 
A’ = Z = 
V Ro dit" (10) 


In other words, the current necessary to heat a filament in vacuum to a 
given temperature varies with the 3/2 power of the diameter. 

This function is especially convenient for estimating the temperature of 
filaments in experimental work. The diameter is readily measured (weight 
per unit length) and the length need not be known. This method proves in 
practice to be much more accurate than that based on resistance measurements 
(R’) but less accurate than those based on optical measurements (C’) or on 
total radiation (W’). Unfortunately it cannot be used when the filament is 
surrounded by gas. 

(k) and (J) The two functions C/(Vd") and j/C/R/d can be used to measure 
the temperature of filaments of unknown length but in most cases (j) will be 
found more convenient. However, when the filament is surrounded by a gas 
(j) is not applicable and in this case j/C/R/d could be profitably used to mea- 
sure temperature. 

(n) (Vi A)/l. This function proves very useful in estimating the temper- 
ature of filaments of varying diameter. For example, if it is desired to measure 
the rate of evaporation of a filament, or the rate of attack by a gas at very low 
pressure, the filament can be maintained at constant temperature by main- 
taining Vj/A constant, even when the diameter changes considerably. It also 
proves useful in estimating (by purely electrical measurements) the temper- 
ature of a filament in a sealed bulb. In this case the diameter often cannot be 
determined accurately but the length of the filament can be determined by 
cathetometer measurements. 

This function is not applicable to filaments surrounded by gas. 

(0) and (p) (/ CV*)/I, C/(A'*l). These functions have as yet not found any 
application. 

(q) (VC?R)/l. This function can be used in place of (Vj/A)/I for filaments 
of varying diameter when surrounded by a gas at relatively high pressure. With 
sufficient gas pressure convection currents carry away the evaporated material 
to a part of the bulb where it does not interefere with candle-power measure- 
ments. It may also be used for measuring the temperature of filaments (not 
helically wound) of unknown diameter in gases. 

(r) Thermal Expansion. — This function can be used as an approximate 
measure of temperature. The change of length of a single loop filament can 
be determined fairly accurately by a cathetometer, so that the temperature 
may be readily found within 30—50° at 2500°. 
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Experimental Measurement of Characteristics 


The following general plan was adopted in the experimental study of the 
characteristics of tungsten filaments. 

Specially constructed lamps with carefully measured long single loop fila- 
ments were thoroughly aged by running the filaments at 2400°K for 24 hours 
after which they were set up in front of a Holborn-Kurlbaum pyrometer. The 
volts and amperes were thus obtained as functions of the temperature. The 
lamps were then measured on the photometer, and the candle-power per cm 
of length was determined by photometering through a measured horizontal slit. 

From these data V’, A’ and C’ were calculated as functions of the temper- 
ature and from these R’, W’ and W/C were obtained. 

Lamps Used. — About 20 special lamps were constructed having cylindrical 
bulbs 7—9 cm in diameter. The leads were of very large size 0.05 cm plat- 
inum for the smaller filaments, and 0.08 cm tungsten for the larger sizes) so 
that the total lead resistance, obtained by subsequently welding together the 
two leads, averaged only 0.017 ohm. The filaments, in the form of single hair-pin 
loops, were electrically welded to the leads in such a way that the filament 
close to the lead was straight, and the junction of the lead and the filament 
was sharply defined. The lengths of the filaments were carefully measured 
after they were welded to the leads, but before they were sealed into the bulbs. 

Tungsten Wires. — Twelve different samples of tungsten wire were used. 
Of these, six were regular samples of commercial wire, used in the manufacture 
of lamps. Four out of these six contained thorium (thoriated tungsten). 

The remaining six samples were special experimental lots of wire drawn 
down from three different rods. Two of the rods were made by the Pacz pro- 
cess, and were of an unusually high degree of purity. The other rod was made 
of pure tungsten to which thorium oxide had been added. 

The diameter of the wires ranged from 0.0028 to 0.0252 cm. 

Measurement of Diameters. — Experience with many ways of measuring 
diameter has finally resulted in the adoption of calculation from the density 
and weight per unit length. The density of drawn tungsten wire (as taken from 
the spool) ranges from 18.4 to 19.0, but recent measurements on the filaments 
of lamps which have run 24 hrs. or more shows that the density nearly always 
lies between 18.9 and 19.1, with an average of 19.0. These measurements were 
made by weighing the filaments in air and in bromoform. Since it is the dia- 
meter of the wire after running in the lamp that is wanted, the value 19.0 has 
been chosen for the density in the calculation of the diameter. 

The diameter in cm is thus given by the formula (w = mg. per cm). 

d = 0.008186)'w. (11) 


The diameters obtained this way for wires which have been run in lamps 
agree within the experimental error with measurements made with a micro- 
meter. 
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Pyrometer. — The pyrometer was the same as that described in connection 
with the determination of the melting point of tungsten (I. c.). 

Before undertaking the study of the characteristics of tungsten filaments 
the pyrometer was carefully recalibrated. 

For this purpose Hyde’s value 2 = 0.664 4 for the effective wave-length 
of the red screen (double thickness of Schott & Gnossen’s red glass No. 4512) 
was taken instead of the value! A = 0.667 previously used. Slight errors of 
0—12° at high temperatures were found in the calibration curves giving the 
relation between pyrometer current and true temperature. Although the new 
calibration curve differed very little from the old, yet by its aid the results 
obtained with different screens (red or green) or sectors agreed among them- 
selves better than before.? 

In calibrating this pyrometer for true temperatures it was assumed: First, 
that the melting-point of gold is 1335.4°K. Second, the emissivity of tungsten 
(for 4 = 0.664 1) is 0.46. Third, the bulb absorption was 9 per cent and fourth, 
the constant C, of the Wien equation is 1.4392. 

Photometer Measurements.— A Lummer-Brodhun constant illumination 
photometer was used. In most of the work an illumination of 57 candle meters 
was used, but with filament temperatures below 1900°K it was necessary to 
use lower illuminations. In photometering the filaments at very high temper- 
atures, the large difference in color between the filament and the standard lamp 
was avoided by inserting a blue glass screen between the standard lamp and 
the photometer head. The transmission coefficient for this screen was deter- 
mined in this laboratory by the use of a flicker photometer. It was also cali- 
brated for us through the kindness of Dr. Ives, by the use of his physical pho- 
tometer.’ The results by the two methods were practically identical. 

The object of the photometer measurements was primarily to determine 
the intrinsic brilliancy of the filaments in candles per sq. cm. To avoid uncer- 
tain corrections due to the cooling effects of the leads, a’slit, usually 2.5 cm 
wide, was placed horizontally in front of and close to the lamp to be photo- 
metered. The intrinsic brilliancy was then found by dividing the observed 
candle power by the effective area of the filament. This effective area was cal- 
culated as follows: The effective length of the filament was taken as twice the 
width of the slit multiplied by the ratio of the distance of the filament from 
the photometer head to that of the slit from the photometer head. The effective 
area was then obtained as the product of the effective length by the diameter. 
Of course care was always taken that the two portions of the filament seen 


' Phys. Rev. 6, 70 (1915). 

2 The temperatures obtained with the new calibration are on the whole slightly higher than 
with the old. The values for the melting-point of tungsten previously obtained ranged from 
3530—3566°. The present recalibration would indicate that the higher values are probably correct, 
so that the most probable value for the melting-point would seem to be 3570°K. 

3 Phys. Rev. 6, 319 (1915). 
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through the slit were as nearly straight and parallel as possible. Correction 
was made, when necessary, for any lack of parallelism. 

Electrical Measurements. — The volts and amperes taken by the lamps were 
measured by ‘“‘laboratory standard” instruments which were calibrated both 
before and after the measurements. Corrections were made for the current 


taken by the voltmeter and for the resistance of the leads of the lamps (usually 
about 0.017 ohm). 


Correction for the Cooling by Leads. — As indicated above, the candlepower 
measurements were made in a way which eliminated any effect due to leads. 
The voltage measurements, however, were influenced by this cause, since 
the cooling of the ends of the filaments lowered the resistance. To determine 
the necessary correction, the temperature of the filament at two or three points 
near the leads was determined. From these data, by methods which will be 
described in a subsequent paper,’ the correction was found which should be 
added to the observed voltmeter reading in order to eliminate the effect of the 
leads. In all cases this correction was approximately equal to 


0.00026(T—300) volts, 


where T is the temperature (°K) of the central portion of the filament. This 
correction is independent of the diameter of the filament in case the size of 
the lead bears a fixed ratio to that of the filament. 


Preliminary Treatment of Filaments.—While the lamps were being exhaus- 
ted the filaments were heated for one minute to a temperature of about 1500°, 
This treatment causes the evolution of an amount of gas (mostly carbon mon- 
oxide) which measured at atmospheric pressure is usually about 3 to 6 times 
the volume of the filament. There is also a simultaneous change in the filament 
whereby its cold resistance is lowered 15 to 20 per cent, and the temperature 
coefficient of its resistance increased by a like amount. Longer or more severe 
heat treatment causes the evolution of only insignificant quantities of gas.’ 

After sealing off from the pump, the characteristics of the lamps were stu- 
died and the temperatures were determined by the pyrometer. The observa- 
tions were made at gradually increasing temperatures up to about 2600° and 
then a series of measurements at descending temperatures was made. When 
the observations with the descending temperatures are compared with the 
initial measurements at 1100 to 1500° it is found that at a given temperature 
the wattage decreased 30 to 50 per cent, whereas the resistance suffered little 
if any change. The effect of the first heating to 2600° is thus to decrease the 
total emissivity. 


1 See also Worthing, Phys. Rev. 4, 538 (1914). 
* If the bulb has not been well baked out, or if stop-cocks (grease!) are used in the system 
the continued heating of the filament will, by the decomposition of water-vapor or hydrocar- 


bons, cause the slow evolution of apparently unlimited quantities of gas. (See ¥. Amer. Chem. 
Soc. 35, 105 (1913).) 


Google 


Characteristics of Tungsten Filaments 


246 





1620 
£9180 
99960 
$1200 
LL29'°6 
C2216 
76ES'8 
0898°2 
£080" 
Ssrl'9 


o1— 


2 B07 | 





£1967 
92767 
oeL8'7 
0%78°7 
6¢9L'% 
v7OL 7 
LEENT 
18ss°7 
6bLy'~ 
vE8ET 
87877 
O@LV7 
9860'% 
$806°T 
Crbl'h 
8rIS'T 
79E8'0 




















6L18°8 £+497'0 zie90 | (Ofs'+ ov'eL 6°09 | S'Lz6 $zs90°0 | 0061 
EbL'8 $647'0 6lzs'0 | $402 zss°9 vor | g'968 6€Ss0'°0 | 00st 
0+99°8 8£E7'0 68140 08'IT 8267 sse | 6'8hL £1990'0 | O0zI 
6825'8 0L1z0 60£€'0 Selz 6L 1 sz | L'€99 Z6L£0°0 | 0091 
£L8b'8 S661'0 ¥9S7'0 Ve ebzr'0 “Lt | ozs 120600 | 00st 
e9se'8 e180 S¥61'0 0't6 szer'o zezt | o's0s st+z0'0 | O0+t 
5087's sz9t'0 Orel'0 Lez 194600 1028 ZOEF 06100 | o0Et 
Lz9V'8 Sol‘ 9e01'0 sziz | sezo0'o 8827'S S'19¢ s¢l0'0 | o0zt 
9££0'8 L210 12Z20°0 ‘089'2 | ozt00'0 Seve $"862 o80t0'0 | oll 
168°. 6901'0 95840'0 ‘o9+'et | +1000°0 S88't s'isz | se6zzoo'o | vot 
SSEL'L +060°0 9€1£0'0 £+0'T S161 | 6£+S00'0 | 006 
0795"L SSZ0°0 Z£610°0 0z+s'0 g'set | sp9c00'0 | 008 
£L9E'L 9290°0 £71100 9097'0 siit | ofezoo'o | 002 
SrH'L +1S0'0 +0900'0 Ietr'0 o'18 96£100'0 | 009 
8788'9 17400 16700°0 $240'0 s'ss +92000'0 | 00s 
1ees°9 Of£0'0 60100°0 Z110°0 LU 1+£000'0 | 00+ 
6569'S L€z0'0 60000°0 +£000'0 69 osooo0'o | ove 

| £LZ 

o1- ' 
1 | opr PL weP 1 
4 2 mM v PAA Me 
LA 307 a | 24 | om | 7 sl eared eae 
wha Fe) a MA v A L 





























Sjuamojrg uaysduny, fo s21stsajav.vyD 


I Fav, 








247 











Characteristics of Tungsten Filaments 
























< 
a 
fz 
cross | obsre | 0669°6 L9¢¥'0 sto 8610 "ele'9| 87ST ‘Wev'L| “0882 sSee0 | Obst a 
seoc'e | esth'e | 9429° 87bF'0 z£6°S #002'0 “698's| 60ST “ott | “62% eizvo | oose ie 
erige | tezee | seese | seeb0 zse'S 69170 ‘sze'b| — O'9#t “szo't| “649°% e980 | ote aire 
ssuse | g6ce'e | 645° 6£z+'0 918" $9870 ‘eov'e| VET goss | “tis'z epse'o | o0ce 5° 
aor | sszee | ors’ ziv0 sity s192°0 "1y6'%| — T9ET sso. | “9Le'% gezeo | ooze a= 
sosee | Itse'e | 68966 1404'0 58° 8062'0 ‘wee! | T1EL L099 | “Fez'z v6z'0 | oole 7 
uev'e | gsze'e | +9266 1466'0 8h'e oLze'0 ‘eee't| — V9zt zsos | “LEN'z 69970 | o00¢ wi 
gore | 966z'e | Iz8¢'6 6e8£'0 0° szze'0 0671] 6'0Z1 ssh | “£66'T otsz'0 | 0067 S 
oszez | szzz'e | e9ce's e£Ze°0 L9% £08+'0 ote | es'stt £90% | “EL8'T 691z0 | o08z 5 
£6z8't | bee's | $88z'6 sz9£°0 rad #s0S°0 649 | 69°0TI vise | ‘9sz't er6r'0 | 00zz 
oeco'z | estze | sseze LISe°0 s+0'2 1409°0 o'r | 9s"sor sez | ‘249'L eezro | 0092 
gros'z | erate | oz8t's LOvE'0 ZL L9EL'0 961g | gr'00r ssez | ‘tes't sesto | oosz 
gizez | zeste | Leto 06z£°0 Les"t 1026'0 8602 | 6£°S6 zor | “Eth T usevo | oorz 
erztz | ooze | 79206 +L1E°0 LOE" 6LU'1 eeet | 14°06 vest | ‘ste't zo110 | o0ez 
£9061 | osgo'e | soto‘ 94080 601'1 89S"T 9°08 1¥'s8 eozt | “9Iz't 6cor'o | oz 
Z0L9'T | 18's | OSes 0267'0 £££6°0 “HVT 8'9F zs'08 soot | ‘zt't |  $6680°0 | ool1z 
celyt | 0600's | 6288's $8270 8LLL'0 S40" 06'sz 19°SL L8°8L ‘tzo't | — szzzo'o | 0002 Y 
rer or | OLX | 00 
1 PI 1 PL | “he. fo) 
vAa ey wu ma V PAA Ho 
2 807 | ,v 380T | {4 Bo] q iant i aaieey olM Let i: U 
BLA | 9 wv A L 


























(panurjuoDd)—sjuamvjrg uajsduny, fo s21jstsajavavyD 
J a1av,, 





248 Characteristics of Tungsten Filaments 


The filaments were then heated to 2400°K for twenty-four hours before 
studying the characteristics. This heating produced a slight further decrease 
in emissivity and a slight (2 to 4 per cent) decrease in resistance. More pro- 
longed heat treatment than twenty-four hours produces (with drawn wire 
filaments) only very gradual changes. These changes may be of three kinds: 
First a roughening of the surface with slight increase in emissivity; second, 
a decrease in cross-section by evaporation and consequent increase in resis- 
tance of the filament, and third, a gradual elimination of traces of impurities 
by distillation, accompanied by a corresponding decrease in specific resistance. 

With filaments of very large diameter the last of these processes takes place 
rather slowly, but with filaments up to 0.1 or 0.2 mm diameter the change 
is nearly complete in twenty-four hours. The time of twenty four hours was 
chosen for the heat treatment in these experiments because, if the time is exten- 
ded beyond this, the changes due to the evaporation of tungsten and the result- 
ing darkening of the bulb, are liable to more than offset the changes in resist- 
ance due to the elimination of minute traces of impurities. 


Experimental Results 


Volt-Ampere Characteristics. — With each lamp tested the readings of volts 
and amperes for about 30 to 50 pyrometer settings from 1050 up to 2540°K 
were obtained. Up to temperatures of about 3000°K the changes in the fila- 
ment and the blackening of the bulb occurred so slowly that readings could 
be taken without haste. For higher temperatures than this the readings were 
taken at greater intervals (usually about 100° apart) and were made as quickly 
as possible, and after each reading the volts and amperes were redetermined 
at one or two lower temperatures (about 2400 and 2600°K). From these data 
it was possible to calculate the change in diameter of the filament (due to eva- 
poration) and the amount of absorption of light by the bulb. This calculation 
was made by the aid of the function Vj/A/l. We have seen that this function 
for any given filament temperature is independent of the diameter of the fila- 
ment. The relation between Vj/A and temperature was plotted from the data 
obtained before the lamp was run up to 3000°. This curve could be used to 
determine the true temperatures even after the filament had lost material by 
evaporation. By then comparing the observed pyrometer reading with the cal- 
culated true temperature, the bulb absorption was determined. Knowing the 
bulb absorption it was then possible to determine the true temperature when 
the filament was subsequently raised again to a temperature above 3000°K. 

In this way it was found practicable to study the characteristics of the fila- 
ments in vacuum right up to the melting point of the filaments. Although 
in some cases corrections as large as 250° (at 3500°) needed to be applied for 
the effect of bulb absorption, yet it is felt that the accuracy with which such 
corrections could be made was so high that the uncertainty in the final 
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result was not over 30 to 40° (at 3540°K). As a matter of fact the agreement 
between the results obtained with different lamps was considerably better 
than this. 

From the observed values of volts and amperes (corrected for lead resistance, 
etc.) the values of the functions V’ and A’ were found from the known lengths 
and diameters. The logarithms of these functions were then plotted on a large 
scale against log 7. The points from all the lamps tested were found to lie very 
closely along a smooth curve. The average deviation of the points from the 
smooth curve was found to be about 0.2 per cent in temperature (both for V’ 
and A’). For filament temperatures above 1200°K the maximum departure 
of any of the observations was 1.2 per cent in temperature. The small devia- 
tions which did occur were not all irregular, for certain lamps tended to give 
low values while others gave consistently high values (within the above men- 
tioned limits). No relationships, however, could be traced between these devia- 
tions from the mean and the diameter or other characteristics of the wire. 

The values of log V’ and log A’ obtained from the smooth curve described 
above from 1300° up to 3540° have been tabulated in Table I, together with 
the corresponding values of V’ and A’. For temperatures below 1300° the 
uncertainty in the cooling effect of the leads and the difficulties in the accurate 
temperature measurements have made the results of the direct experiments 
less trustworthy, so that the characteristics below 1300° have been determined 
by another method which will be described later. 

The values of fi’, R’ and vy a’ given in Table I have been obtained directly 
from V’ and A’. 

Candle-Power Data. —To determine the relation between candle power 
per sq. cm and temperature, three lamps were studied. Two of these were 
nitrogen-filled lamps with large (0.6 mm diam.) single loop, straight (not 
helically wound) filaments, and the third was a vacuum lamp with a single 
loop filament, 0.25 mm diameter. By the use of nitrogen-filled lamps it was 
possible to determine the relation between temperature and candle power 
up to temperatures of 3100°K without any blackening of the bulbs or any per- 
manent change in the characteristics of the filament. 

At low filament temperatures irregularities occur in the convection losscs 
from the filaments of gas-filled lamps. It was to avoid these, and to find out 
whether the nitrogen exerted any effect on the emissivity that the vacuum 
lamp was studied. 

The values of log C’ obtained from the three lamps were plotted against 
1/T. A smooth curve (not far from a straight line) was passed as nearly as pos- 
sible through the points. The average departure of the points from the smooth 
curve was about 0.15 per cent in temperature, and the maximum departure 
of any of the points was 0.8 per cent in temperature. 

The values of C’ taken from the smooth curve for every hundred degrees 
from 1400 to 3100° are given in the second column of Table II. 


Google 


250 Characteristics of Tungsten Filaments 


Taste II 
Experimental Values of C’ 














Cc’ yp 
Temp. | Candles per Sq. cm | Ratio C’/Lw. 
1400 i 0.109 | 216.2 
1500 0.381 | 235.8 
1600 | 1,101 | 245.2 
1700 | 2.824 253.4 
1800 6.493 j 260.4 
1900 13.43 262.0 
2000 | 25.67 260.4 
2100 | 46.85 262.8 
2200 | 81.33 265.2 
2300 ' 133.3 | 262.6 
2400 | 208. 260.8 
2500 318.0 261.4 
2600 | 470.5 262.4 
2700 | 677. 263.4 
2800 949. 264.2 
2900 | 1295. 263.8 
3000 ' 1733. 263.4 
3100 | 2273. 262.8 
Average... 262.7 





Discussion of Experimental Data 

It will be of interest to compare the results of the above experiments with 
the data of other investigators. This will also have the advantage that it will 
enable us to extend our data on the characteristics of tungsten filaments down 
to temperatures below 1300°K, where our experiments gave unreliable results 
because of the cooling effects of leads and the difficulty of measuring temper- 
atures by the optical pyrometer. 

The ratio of hot to cold resistance for tungsten filaments has been deter- 
mined by Somerville,! Pirani,? and Corbino.’ 

From these data it is possible to calculate R’ provided we know the specific 
resistance of tungsten at room temperature. 


Specific Resistance of Tungsten. — Fink,‘ has given the specific resistance 
of tungsten at 25°C as 5.0 x 10-* ohm-cm units, and its temperature coefficient 


between 0° and 170° as 0.0051. Thus at 0°C according to Fink the specific 
resistance would be 4.43x10-* ohm-cm. More recent measurements made 
in this laboratory of the specific resistance of well-aged tungsten filaments have 
given at 0°, 5.0x10-* ohm-cm. . 

1 Phys, Rev. 30, 433 (1910). 

2 Verh. deutsch. Phys. Ges. 12, 301 (1910), and Phys. Zeit. 13, 753 (1912). 

2 Phys. Zeit. 13, 375 (1912). 

* Trans. Amer. Electrochem. Soc. 17, 229 (1910). 
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The temperature coefficient from 0 to 300° is found to agree well with Fink’s 
value, t.e., 0.0051. 

We have seen that the function R’ is equal to 49/7 so that we may place at 
0°C R’ = 6.37 x 10-*. 

At higher temperatures we may now calculate R’ from Somerville’s, Pirani’s 
and Corbino’s data by simply multiplying their values of the ratio of hot to 
cold (0°C) resistance by the above value for R’ at 0°C. In this way the results 
given in the second, third and fourth columns of Table III have been obtained. 

In our own experiments on the characteristics of tungsten filaments we 
have measured R’ from 1300°K up to 3540°K and from 273°K to 600°K. The 
agreement with Somerville’s results at low temperatures is excellent, while 
at high temperatures the results agree with Pirani’s. At lower temperatures 
Pirani’s values appear to be too low. 

To fill in the gap in our measurements between 600° and 1300° the values 
have been chosen by interpolation between the higher and lower values, laying 
due weight on the results of Somerville and Pirani. 

Corbino’s results above 1700° are too low, probably due, as Pirani has point- 
ed out? to failure to correct for the cooling effect of the leads. 

Tasie III 
Comparison of Values of R' 











T Somerville Pirani | Corbino Langmuir 
273 6.37 6.37 — 6.37 
300 7.24 | 7.24 —_ 7.24 
400 10.45 i 10.06 - | — 10.43 
500 13.76 13.19 - 13.76 
600 17.4 16.5 | _ | 17.23 
700 20.8 20.0 | ~ 20.83 
800 24.5 23.6 j —_ 24.55 
900 28.2 27.4 — 28.36 
1000 31.7 31.2 = 32.24 
1100 35.6 35.2 _ 36.20 
1200 40.1 39.2 | = 40.23 
1300 45.4 43.3 | — : 44.34 
1400 = 47.3 | = | 48.52 
1500 — 51.5 = 52.77 
1600 = 56.1 } _ 57.13 
1700 —_ 60.8 | 60.2 61.61 
1800 — 65.6 1 64.5 | 66.19 
1900 - 70.6 68.5 70.89 
2000 _ 75.5 72.8 75.67 
2100 _ 80.5 76.9 H 80.52 
2200 _ 85.5 81.2 85.41 
2300 - 90.5 | 85.4 90.34 














* Phys. Zeitsch. 13, 753 (1912). 
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The values of R’ obtained as above (from 300 to 1300°) have been inserted 
in Table I. 

The specific resistance of tungsten at any temperature may be obtained 
by multiplying the corresponding value of R’ by 2/4. A table of specific resi- 
stances calculated as above has been published.’ 

Total Emissivity. — Planck’s law (Equation 7) gives 7, the energy of wave- 
length A radiated from a black body. The total energy W’ radiated from a tung- 
sten filament one cm in diam. and one cm long is then 


W' =x E,J,da. (12) 

On the other hand, by the Stephen-Boltzman law we may place 
W' = xEoT, (13) 
where E is the total emissivity and the constant o is equal to 5.633 x 10-"* watts 


per sq. cm. 
The values of E, above 1200°, given in Table I have been calculated from 
the corresponding values of W’ by means of this equation. 
For the lower temperatures (up to 600°K) the value of E has been calculated 
by formula given by Foote,? namely, 


E = 0.5736) ‘oT, (14) 
where 9 is the resistivity of ohm-cm. 


The results obtained from this equation for the higher temperatures do 
not agree at all well with the values found from our experiments, as may be 
seen from the following comparison. 








Taste IV 
r | By Foote’s Formula | From Table I 
1200 0.1118 / 0.435 
1600 0.1537 | 0.2170 
2000 0.1978 | 0.2785 
3000 0.3125 | 0.3941 





The failure of Foote’s formula at the higher temperatures is to be expected 
if we take into account the work of Rubens and others on the temperature coef- 
ficient of the emissivity of metals. Rubens* by a study of the emissivity of plat- 
inum, platinum-rhodium, nickel and constantan at different temperatures, 
concludes that for wave-lengths below 2 yu the temperature coefficient of the 
emissivity is negligible or at least very small, whereas for wave-lengths greater 


1 Phys. Rev. 7, 154 (1916). 


? Bull. Bur. Stand. 11, 607 (1915). 
* Verh. deutsch. Phys. Ges. 12, 172 (1910). 
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than 6 the emissivity may be calculated accurately by the Hagen-Rubens 
formula 


E, = 0.365 Vi: (15) 


For these longer wave-lengths the temperature coefficient of the emissivity 
is thus one half that of the electrical resistivity. 

Between the limits of 2 and 6 » Rubens finds that the transition from one 
type of temperature coefficient to the other occurs gradually. 

Investigations on many different metals during the last few years have shown 
that the Hagen-Rubens formula is universally applicable for the longer heat 
rays, whereas in the visible spectrum the emissivity seems to be determined 
by totally different causes and is, in general, very nearly independent of the 
temperature. 

The Foote formula for the total emissivity is derived from the Hagen- 
Rubens equation and should therefore be applicable only where most of the 
energy radiated is limited to wave-lengths for which the emissivity is given 
by the Hagen-Rubens equation. Since the wave-length of maximum energy 
emission is about 5 u for a black body at 600°K and is about 24 at 1500°K 
we should expect the Foote equation to apply quite accurately up to about 
500 or 600°K but above this temperature the Foote equation should give low 
values, and at temperatures as high as 1500°K it should be nothing more than 
a rough approximation. This seems to be borne out by the experimental data. 

In order to obtain values for the emissivity at temperatures between 600° 
and 1200° recourse has been taken to interpolation between Foote’s formula 
at lower temperatures and the experimental data at the higher temperatures. 
The results obtained in this way have been entered in Table I. 

The uncertainty involved in this interpolation probably does not exceed 
five per cent in any single value given for the emissivity. 

From the data on the total emissivity the values of V/’ for temperatures 
below 1200° were calculated by means of equation (13). At the lower temper- 
atures, however, ‘‘back radiation” was taken into account so that W’ was actually 
calculated from the equation 

W’ = no(ET*—E,T}). (16) 

Here T, is room temperature which is taken to be 20°C (T, = 293). 

E, is the total absorption coefficient of a filament at a temperature T for 
energy radiated by black body at Jy, that is, at 293°. Since the wave-length 
of the energy radiated at room temperature is longer than 6 u Hagen and Ru- 
bens’s formula should apply and we may therefore consider that E, increases 
in proportion to Ye. For T = 293 we may place E, = E and may thus cal- 
culate E, from Foote’s formula. 

E, = 0.0230 y’o/00, (17) 
where Qp is the resistivity at 293°. 
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The values of W’ from room temperature up to 1200° have been calculated 
from equations (16) and (17). The functions A’, V’, etc., for these temper- 
atures have been calculated from W’ and R’. 

Total Intrinsic Brilliancy. —It will be of interest to compare the experi- 
mentally determined candles per sq. cm (Table II) with the results of the cal- 
culation of this quantity from the Planck equation and visibility function accord- 
ing to equation 8. 

For this purpose we take the constants of the Planck equation to be 

C, = 3.721 x 10-” watts per sq. cm, 
C, = 1.4392 cm. 


These values, according to Planck’s theory, correspond to the following 
values of the fundamental constants h, N, and o 
h = 6.580 x 10-*? ergs. sec, 
N = 6.062 x 107, 
o = 5.633 x 10-* watts per sq. cm. 


Nutting’s* visibility data has been chosen since Ives* considers this more 
accurate than his own. 

From these data the light (in watts per sq. cm) radiated from a black body 
has been calculated by the equation 


L,=f Vidida. (18) 
0 


The integration was performed by the aid of Simpson’s one third rule using 
35 ordinates at each temperature. The calculations were carried out to four 
significant figures and the results should be accurate to 0.2 per cent. The values 
of L, obtained in this way are given in Table V. 

Similar calculations of the light radiated from tungsten were then made 
by the same method. For this purpose the emissivity of tungsten E, was taken 
to be 0.46 for A = 0.66 w and 0.50 for 4 = 0.55 while for other wave-lengths 
in the visible spectrum the emissivity was obtained by linear interpolation or 
extrapolation from these values. 

Thus the light radiated from tungsten was obtained by the equation 


Ly =f E,V,J,da. (19) 
0 


The values of Ly have been recorded in Table V. 


1 Dushmann, Gen. Electric Rev. December, 1915. 

2 Trans. I. E. S. 9, 633, (1914). 

3 Phys. Rev. 5, 287 (1915). 

“ The value 0.46 is taken from the author’s paper on the melting-point of tungsten (I. c.). 
The slope of the curve E, (A) was taken from Coblentz (Bull. Bur. Stand. 7, 198 (1911). 
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TABLE V 


Light Radiated from a Black Body and from Tungsten in watts cm* Calculated 
from the Planck Equation and Nutting’s Visibility Data 











T | Ls Lw 

°K | Black Body i Tungsten 
1000 0.00000109 | 0.000000532 
1300 0.000269 | 0.000132 
1500 | 0.00329 0.001615 
1750 0.03429 : 0.01687 
2000 0.2000 | 0.0986 
2500 2.458 1.216 
3000 13.26 6.580 
3500 44.98 | 22.34 





The quantity L,, should be proportional to C’ the candles per sq. cm found 
by experiment. In Table II the ratio of C’ to Ly has been tabulated.! It is seen 
that at temperatures above 1900° the ratio is very nearly constant. The absence 
of any systematic error is an excellent confirmation of the correctness of the 
pyrometric measurements. At temperatures below 1900° the ratio of C’ to 
Ly decreases considerably. This, however, is to be expected, for it was neces- 
sary to work with very low field illuminations (even as low as 0.2 meter cand- 
les) at the lower temperatures, and under these conditions it is well known 
that the Purkinje effect tends to give low values in the measurement of red 
light. We are therefore justified in discarding the measurements made below 
1900°. The average of the remaining values of the ratio gives 

You 
5 262.7. (20) 


The mechanical equivalent of light may be obtained from this ratio by equ- 
ation 8: 

m = ©". — 0.00121 watt per 1 (21) 
=ac7 = 9 watt per lumen. 

This value is considerably lower than the latest value of this constant given 
by Ives and Kingsbury,? namely 0.00159. Nutting® gives the value 66.2 
candles per watt which corresponds to 0.00120 lumen per watt, and this he 
considers is uncertain within about five per cent. 


1 For this purpose the values of Ly for temperatures other than those given in Table V were 
found by interpolation. This could be done with high accuracy since log Ly is very nearly a linear 
function of 1/T. 


1 Phys. Rev. 6, 319 (1915). 
® Trans. I. E. S. 9, 633 (1914). 
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Ives' has previously calculated the mechanical equivalent by the method 
given above, using Nernst’s? data for the intrinsic brilliancy of a black body. 
This result, recalculated according to more recent visibility data* leads to the 
value 0.00125 watt per lumen. Ives suggests that the discrepancy between 
this value and 0.00159 may be due to a failure of the Planck equation for short 
wave-lengths. : 

At should be noted that the value 0.00121 obtained from the experiments 
described in this paper does not depend to any great extent upon assumptions 
as to the emissivity of tungsten. This is clear when we consider that an error 
in emissivity would affect the temperatures obtained by the pyrometer in such 
a way as to offset the change in the brilliancy calculated by equation 19. 

The ratio C’: Ly in Table II is so nearly constant that we may use it to cal- 
culate C’ from Ly with a higher accuracy than that of the original values of 
C’ given in the table. 

The values of C’ given in Table I have therefore been obtained from the 
corresponding values of Ly by multiplying them by 262.7, the mean value 
of C'/Ly. 

In a similar way we may obtain the intrinsic brilliancy of a black body in 
candles per sq. cm from the corresponding value of L, by multiplying these 
by 262.7. Results obtained this way are given in the second column of Table VI 

There have been several other determinations of the total intrinsic brilliancy 
of the black body, and it will be of interest to compare some of these with the 
above results. 

In a recent publication Pirani‘ calculates the intrinsic brilliancy by a similar 
method to that which we have used. He chooses for the constants of the Planck 
equation 

C, = 3.5x10-* watts per sq. cm, 

C, = 1.440 cm, 
and he uses Ives’s visibility data. In this way he finds the slope of the curve 
(log C against 1/T), and then in order to fix the position of the curve takes 
the value 1 Hefner candle per sq. cm as the brilliancy of a black body at 2090°K. 
This value he obtains by extrapolation over a range of 400° from some data 
given by Lummer and Pringsheim in 1901. 

In the third column of Table VI are given Pirani’s results converted to 
international candles per sq. cm. 

At low temperatures Pirani’s values for the brilliancy are 10 to 20 pe- cent. 
higher, and at high temperatures as much as 15 per cent lower than those we 
have calculated. Both sets of values are calculated from the Planck Equation 
and visibility data. The discrepancy cannot be accounted for by the slightly 


* Electrical World, 1911, p. 1565. 

? Phys. Zeit. 7, 380 (1906). 

? Phys. Rev. 5, 273 (1915). 

* Verh. d. D. Phys. Ges. 13, 219 (1915). 
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Taste VI 
Brilliancy of Black Body (C;) 


International candles per sq. cm 














F Sets AT, 

T | Langmuir Pirani Nernst H T, Ty 
1300 0.0706: 0.086 0.0482 —26. 
1400 | 0.270 0.306 0.199 —24. 
1500 | 0.864 | 0.936 0.648 —26. 
1600 | 2.40 2.52 | 2.01 —18. 
1700 | 5.95 | 6.03 5.19 —16. 
1800 | 13.3 13.23 12.1 —13. 
1900 | 27.3 r. 27.9 : 25.7 -— 9 
2000 52.5 | 53.1 50.8 - 5. 
2100 94.9 | 94.5 94.1 = 2; 
2200 | 163. 153. 164.7 | +2. 
2300 | 270. | 252. 275.0 + 4. 
2400 424. | 414. 439. | + 8. 
2500 646. ! 630. 674, | +10. 
2600 | 951. ; 900. 1,000. +13. 
2700 1,362. 1,260. 1,450. +17. 
2800 | 1,904. | 1,800. 2,040. +21. 
2900 | 2,600. 2,430. 2,810. +25. 
3000 3,485. 3,330. | 3,780. +29, 
3100 4,579. — 5,000. +33. 
3200 5,920. 5,040. 6,480. +36, 
3300 7,580. _ 8,280. +37, 
3400 | 9,515. 8,280. | 10,430. | +41, 
3500 11,820. = 12,960. +43. 





different values chosen for the constant C, nor does the fact that Pirani chose 
the Ives instead of the Nutting visibility curve account for the difference. 
The difference between the Pirani and Langmuir values for Cy would 
seem to be caused by insufficient accuracy in the graphical methods used by 
Pirani in determining the area of his curves. 
Nernst* has given the following relation between the temperature and the 
brilliancy of a black body: 


11,230 


i= 5.367—log,9K 


(22) 


1 In order to determine how much the values of C’ would be changed by using Ives’s visi- 
bility data in place of Nutting’s, the values of Lz (Table V) were recalculated from Ives’s data. 
The new values were found to be uniformly 5.8 per cent higher than those given in Table V. Thus 
the use of Ives’s data cannot account for the fact that the Pirani and Langmuir curves (Table VI) 
cross each other. 


* Phys. Zeit. 7, 380 (1906). 


17 Langmuir Memorial Volumes II 
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where K is the brilliancy in Hefnerkerzen per sq. mm. If we express the brilliancy 
in international candles per sq. cm this becomes 


11,230 


liars 7.321—logi.Cs 


(23) 

The values given in the fourth column of Table VI are calculated by means 
of this equation. 

Until recently the temperature scale used in this laboratory has been based 
on this Nernst equation. The corrections that should be applied to this tem- 
perature scale to reduce it to the new scale are given in the fifth column. These 
figures may be used to correct temperature data which have been given in 
various publications from this laboratory. In most cases the errors involved 
are within the experimental error. 


Color of Light Radiated by Tungsten 


A. series of experiments was undertaken to determine whether the light 
radiated from tungsten differs materially in color from that radiated by a black 
body. A helix was formed by winding a 20 mil tungsten wire on a 40 mil mand- 
rel using a 20 mil spacer. This filament was sealed into a bulb which was then 
filled with nitrogen. A very much enlarged image of the heated filament was 
thrown on a white screen and by means of a Weber portable photometer the 
intensity and color of various parts of the image were determined. 

The intensity of the light coming from the interior of the helix was from 
1.5 to 1.8 times as great as that coming from the outer portions. The color 
of the light from the interior was distinctly redder than that from the outside. 
By first color-matching the interior of the helix against the photometer lamp 
and then increasing the current through the helix until the outer portions gave 
a color-match with the photometer, it was possible to determine the difference 
in color quantitatively. 

If we take the emissivity of tungsten for white light to be 0.50 and assume 
that the inner portion radiates like a black body, then the ratio of the brilliancy 
of the inner and outer portions should be 2.0. Actually the observed ratio as 
found by the photometer was less than this (1.5 to 1.8) showing that strictly 
black-body conditions did not obtain. The observed difference in color bet- 
ween the inner and outer portions was therefore corrected for this lack of black- 
ness as measured by the ratio of brilliances. 

Two methods may be used in making this correction: First, it may be assum- 
ed that the light from the interior is the light emitted from a tungsten surface 
which has been reflected n times before escaping. On this assumption 

A, _ —logE 


By Tog? (24) 
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where A, is the observed difference in color between the inner and outer parts 
(n reflections), A, is the difference in color which would exist if the inner parts 
radiated like a black body (n = 00), R is the observed ratio of brilliancy and 
E is the emissivity of tungsten. 

Second, it may be assumed that the light from the inner parts is a mixture 
of light from some parts which radiate as a black body, with light from other 
parts which radiate like an exposed tungsten surface. On this basis we find: 

Ay 1—E 

‘5 oR (25) 
where the symbols have the same meaning as before. The corrections actually 
used were obtained by averaging those obtained by the two methods. The 
corrections in most cases amounted to 20 to 40 per cent. The results obtained 
in this way are given in Table VII. 

















Taste VII 
Ty Tr T.—Tw din Ey 
dy 
1800 | 1841 cI —5,900 
2000 2050 50 —5,800 
2200 2257 57 —5,500 
2400 2464 64 —5,100 
2600 2672 2 —4,900 
2800 2877 7 | —4,500 
3000 3082 82 | —4,200 
3200 3285 85 H —3,800 





In this table 7, is the temperature of a black body which will give light 
of the same color as that emitted by a tungsten filament at the temperature Ty. 

No great accuracy is claimed for these results; the differences in temper- 
ature, T,—7,, may be in error by 20 or 30 per cent. But, in contrast to the 
conclusions of Paterson and Dudding! these results show definitely that there 
is a distinct difference in color between the light from a tungsten filament and 
from a black body of the same temperature. 

This difference in color is evidence that tungsten is not a gray body. Tung- 
sten even in the visible region of the spectrum is a selective radiator giving 
a larger proportion of blue light than a black body. The energy distribution 
in the visible spectrum of a black body is given by Wien’s equation. If E, be 
the emissivity of tungsten for the wave length A, the energy distribution of 


the light emitted by a tungsten filament will therefore be 
G 


Jy = C,Eie Fw, (26) 
where Ty is the true temperature of the tungsten. 


Loc. cit. 
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Experimentally it has been found that the color of the light emitted by tun- 
gsten is the same as that emitted by a black body at a slightly different temper- 
ature T,. The energy distribution from the black body is 

A 


Jp=Cib5e 7, (27) 


Since the tungsten filament and the black body are of the same color, al- 
though not of the same brilliancy, the ratio of Jy to J, must be constant for 
all wave-lengths in the visible spectrum. It is thus possible to obtain from (26) 
and (27) the relation 








d(InE,)  C,/ 1 1 
ae” BNT, Ty) ey 

We have seen that 7,—T7'y is small compared to Ty so that we may place 
approximately 








dinE, _ C,(Ty—T;) 
ao RT 
From this equation, with the data of Table VII, we may calculate the emis- 
sivity of tungsten for one wave-length if we know it for another wave-length. 
Let us place C, = 1.439, A = 550 10-7 cm and take T,—T, from Table VII. 
The values of (d/dd) In E, thus found by (29) are given in the fourth column 
of Table VII. Since this quantity varies with the temperature it must follow 
that the emissivity of tungsten varies with the temperature. How large must 
this variation be in order to account for the figures obtained? If we assume 
that E, = 0.46 for A = 0.664 u at 2400°K then we may calculate the value 
of E, at 2400°K for other wave-lengths by integrating (29). The resulting 
values are given in the third column of Table VIII. 
It is probable from Rubens’s work that the variation of the emissivity with 
temperature occurs mostly in the region of longer wave-lengths; so that we 
may safely consider that the temperature coefficient of E, for 4 = 0.4 micron 


(29) 


Taste VIII 


Emissivity Ed of tungsten as a function of wave-length and temperature as calculated 
from the color of the emitted light 





2» 





i 3 | 5 | a | Coblentz 
(Microns) | 1e0oe sais | es | 300°K 
07 | 0.440 0.450 0.463 0.460 
0.664 | 0.449 | (0.460) 0.470 | 
0.00 | 0.465 \ 0.475 0.483 | 0.487 
0.55 | 0.480 0.486 | 0.494 | 
Os | 0.495 | 0.498 | 0.503 0.507 
0.4 \ (0.525) | 0.525 | (0.525) 0.530 
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is negligible. We thus obtain E, = 0.525 at A = 0.4 for all temperatures. Then 
by (29) we may calculate E, at these temperatures for other wave-lengths. 
The results at 1800° and 3000° are given in Table VIII. 

The change in emissivity with wave-length is in fairly good accord with 
the measurements of Coblentz,! which are given in the fifth column of Table 
VII. 

The variation of E, with temperature indicated in the table is so slight 
that it does not materially affect our temperature scale which has been based 
on the assumption of constant emissivity. The accuracy of the results given 
in Table VIII is probably not high, so that it is not desirable at present to 
correct the temperature scale for these rather small variations. The changes 
are in such a direction as to make the true temperature scale lie somewhere 
between the Nernst and the Langmuir scales given in Table VI. The correc- 
tions in the last column of this table should therefore probably be reduced 
to about one half the values given. 


Thermal Expansions of Tungsten 


By cathetometer measurements of the length of a tungsten filament at 
temperatures from 1200° to 2500°, the following relation has been found, 
being length at 300°K 


Al T—300 T—300 \? 
sO a! ny: Sete 30 
; 0.00245( 1600 } +-0.000567( 1000 J. (30) 


This equation is probably accurate within two or three per cent. 


Summary 


The contents of this are briefly as follows: 

1. A discussion of the various functions that may be used in estimating 
the temperature of tungsten filaments. 

2. Experimental data (see Table I) on the volt-ampere-candle-power 
characteristics of tungsten filaments as functions of temperature and the di- 
mensions of the filament. Derived functions such as watts, ohms and watts 
per candle are also given. These data cover the range of temperature from 
room temperature up to the melting point of tungsten. All the data are cor- 
rected for the cooling effects of the leads. 

3. Data on the specific resistance of tungsten from 300°K to 3540°K. The 
specific resistance may be obtained by multiplying the values of R’ in Table I 
by 2/4. 

4. The total emissivity of tungsten (black body taken as unit) has been 
calculated from these data for temperatures up to 3540°K and the results 


1 Bull. Bur. Stand. 7, 197 (1911). 
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have been tabulated in the column marked E of Table I. At temperatures above 
1200°K, Foote’s formula for the total emissivity of metals gives results which 
are much too low. Below about 500° or 600°K. Foote’s formula is probably 
quite accurate. 

5. The intrinsic brilliancy of a black body as a function of the temperature 
has been calculated in terms of the mechanical equivalent of light from Nut- 
ting’s visibility data, by means of the Planck equation. By comparing these 
results with the experimentally determined brilliancies of tungsten and cor- 
recting for the known emissivity of tungsten the mechanical equivalent of 
light is found to be 0.00121 watt per lumen. This is close to the value (0.00125) 
calculated by Ives from Nernst’s data on the brilliancy of a black body, but 
differs considerably from Ives and Kingsbury’s direct determinations of the 
mechanical equivalent (0.00159) The discrepancy is hard to account for. 

6. The intrinsic brilliancy of a black body is calculated from the experi- 
mental data for tungsten and is compared with similar data obtained by Nernst 
and Pirani. These data are given in Table VI. 

7. The color of the light from tungsten filaments is distinctly bluer than 
that from a black body at the same temperature and corresponds to that from 
a black body at a temperature 40 to 80° higher. 

8. The linear thermal expansion of tungsten at temperatures from 1200 
to 2500°K is given approximately by the equation 30. 

The writer wishes to express his indebtedness to Mr. G. M. J. Mackay 
and Mr. C.V. Ferguson for the active part they have taken in obtaining the 
experimental data upon which this paper is based. 
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THE CHARACTERISTICS OF TUNGSTEN FILAMENTS AS 
FUNCTIONS OF TEMPERATURE 


With Dr. Howarp A. Jones as co-author 


General Electric Review 
Vol. XXX, 408; 310; 354 (1927). 


TUNGSTEN filaments are of value not only in incandescent lamps and radio tubes, but are being 
used more and more in purely scientific and engineering investigations where high temperature 
measurements are involved. The extreme temperatures at which the tungsten filament can be 
operated render it particularly suitable for these purposes. For example, light of an accurately 
defined color and brilliancy can be obtained by heating a tungsten filament to a definite temper- 
ature. Chemical reactions can be quantitatively studied at temperatures otherwise hardly obtain- 
able by bringing gases into contact with these filaments. The pressure and even the composition 
of gases at low pressures can be determined by measuring the heat losses from filaments. 

For all these purposes it is important first to know accurately the characteristics of tungsten 
filaments in vacuum at various temperatures. Such data have been published in tabular form in 
this magazine, and elsewhere, in 1916. Later investigations of the properties of tungsten have 
resulted in more accurate determinations of the values over a wider range of temperature. It is 
the object of this article to present this information in as convenient and complete form as pos- 
sible. Special care has been taken to define concisely the quantities tabulated and to point out 
the precautions that are necessary to avoid rather serious errors that have frequently been made 
in using data of this kind. 


Part I 
THE TUNGSTEN filament is used over a wide range of temperature by theoret- 
ical and practical workers. We believe, therefore, that it is of sufficient in- 
terest to bring together the latest and what we feel to be the most accurate data 
on the characteristics of tungsten filaments which are functions of temperature. 
Langmuir! has described a temperature scale for tungsten based upon the 
candle-power of tungsten filaments. This scale, which was used to determine 
temperatures in all publications from the Research Laboratory of the General 
Electric Company at Schenectady prior to August, 1915, is based upon the 
formula 
11,230 
= 7,029—log,. (1) 
T gives the temperature in degrees Kelvin and C’ is the apparent intrinsic 
brilliancy in international candles per cm? projected area as actually photom- 
etered through the glass bulb. 


T 


1 Langmuir, Phys. Rev. 6, 138 (1915). 


[263] 
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In determining the melting point of tungsten,! the spectral emissivity of 
solid tungsten for 4 = 0.667 u was determined to be 0.46 and taken to be 
independent of temperature. This value, E, = 0.46 for A= 0.667 4% with 
C, of Wien’s equation assumed to be 1.439 cm deg.-}, was used by Langmuir 
to fix the temperature scale anew and was published? in March, 1916. 

Subsequently Worthing‘ redetermined the spectral emissive power of 
tungsten for the red (A = 0.665 4) and for blue (A = 0.467 4) over a temper- 
ature range from 1000 deg. K to 3200 deg. K and found that the spectral 
emissive power decreased from 0.46 at 1000 deg. K to 0.40 at the melting 
point of tungsten (3655 deg. K) for A = 0.665 u. 


*Forsythe and Worthing‘ have recently published a complete table of the 
properties of tungsten. It is our purpose to consider here only those proper- 
ties of tungsten which are of importance in connection with heated tungsten 
filaments. 

More recently, Zwikker,5 in the course of a new series of determinations 
of the various properties of tungsten as functions of temperature, has checked 
Worthing’s values for the spectral emissivity of tungsten. Worthing’s data on 
emissivity are thus used as the basis of the temperature scale in the present 
article. On this scale, the melting point of gold is the Day and Sosman® value 
of 1336 deg. K and C, of Wien’s equation is taken as 1.433 cm deg.—! (the 
value adopted in the International Critical Tables, 1926, Vol. I). On this scale 
the palladium point is 1829 deg. K” and the melting point of tungsten comes 
out to be 3655 deg. K.® 

One of us® has recently published values for the watts radiated and the 
resistivity of tungsten from room temperature to the melting point. These 
data which are in excellent agreement with Zwikker’s, were checked through 
the kindness of Dr. W. E. Forsythe, of the Nela Research Laboratory, who 
read electrical characteristics at the same temperatures as the writers. 

The data, which are presented in this article, have been used during the 
past two years by Dr. S. Dushman and Mrs. J. Ewald in a careful study of 


* Note: Stead; ¥.J.E.E., vol. 58, p. 107, 1920; has published values for the characteristics 
of tungsten filaments between 1900 and 2700 deg. K. His temperature data would have to 
be decreased by 100-150 deg. at 1900 and by 150-250 deg. at 2700 deg. K to agree with 
our values for the characteristics of tungsten filaments. 

Langmuir, Phys., Rev. 6, 138, (1915). 

Langmuir, Phys. Rev. 7, 320 (1916). See also General Electric Review 19, 208 (1916). 
Worthing, Phys. Rev. 10, 393 (1917). 

Forsythe and Worthing, Astrophys. J. 61, 126 (1925). 

Zwikker, Koninklijke Akademie Van Wetenschappen te Amsterdam Deel 34, No. 5. See also 
Physica §, 249 (1925). 

* Day and Sosman, Amer. 7. Sci. 29, 93 (1910). 

7 Hyde and Forsythe, Astrophys. ¥. 51, 244 (1920). 

* Forsythe and Worthing, Astrophys. J. loc. cit. 

* Jones, Phys. Rev. 1, 28, 202 (1926). 
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the electron emission from tungsten. Since they have repeatedly checked 
temperatures by means of different functions presented in this article, we 
are satisfied that the various functions, which may be used to determine tem- 
peratures, are self-consistent. 

Dr. K. H. Kingdon, of this laboratory, has calculated the time rate of cooling 
for a tungsten filament from the known heat capacity data for tungsten. He 
has recently made use of the filament temperature functions which are pre- 
sented here to measure the rate of cooling experimentally for a tungsten fila- 
ment covered with an adsorbed layer of caesium by the electron emission 
method and by this accurate and sensitive method obtains time values which 
are in good agreement with those calculated from our data. 

The characteristics of filaments are related in a simple way to the dimen- 
sions of the filament. 

Let us consider the case of a very long straight filament of uniform circu- 
lar cross-section with diameter d and length /, both measured in cm. Let us 
imagine the ends of the filament connected to leads which have the same tem- 
perature as the filament itself, so that no heat is conducted away by the leads. 
We will further assume that the filament has been thoroughly agedt and con- 
sists of pure tungsten, having a definite specific resistance at a given tempera- 
ture, and possessing a bright clean surface. A filament fulfilling these condi- 
tions we shall call an ‘‘ideal filament.” Actual filaments may differ from the 
ideal in the following respects: 


(1) The leads conduct away heat. 

(2) The filament may not be straight. 

(3) The surface may be rough or contaminated, changing its ability to 
radiate both heat and light. 

(4) Impurities or mechanical strains in the wire may alter its specific resis- 
tance. 


(5) Gases around the wire may conduct away heat. 


Characteristics of Ideal Tungsten Filaments 


We shall first consider how the characteristics of an ideal filament vary 
with the length and diameter. 
Let 
W = energy input expressed in watts. 
R = filament resistance measured in ohms. 
A = filament heating current expressed in amperes. 
V = potential drop over the filament measured in volts. 


t This aging usually consists in heating the filament for 24 hours at 2400 deg. K in a good 
vacuum. A more rapid aging, which attains the same final result, is to heat the filament for 1 hr 
at 2600 deg. K or for 15 minutes at 2800 deg. K. 
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C = candle-power of the filament measured in a direction perpendicular 
to its axis as seen through an ordinary lamp bulb. C= mean spher- 
ical candle-power multiplied by 4/x or the total light output of 
the filament in lumens divided by 7%, #.e., 
L = Cxn? gives the total lumens when C is defined as above and 
Lambert’s Cosine Law is obeyed. 
I = electron emission from the filament in amperes. 
M = rate of evaporation of the filament in gm per sec. 
H = specific heat of the filament in watt-sec per degree. 
If the filament surface is uniform the energy radiated is proportional to 
the area. We may, therefore, place 
, WwW 
tienes * 3 (2) 
where / is the length of the filament and d its diameter, the cross-section being 
assumed circular. 
In a similar manner, since the resistance of a filament is proportional to 
its length and inversely proportional to the square of the diameter we may 
place 


, _ Rd? 
R= = 3) 


From these relations we may now derive the following since 


V=\WR and 
A=/yWR 
_ A 
A= Br (4) 
v= oe (5) 
ees 
ViVa= i. (6) 


Since candle-power, electron emission and rate of evaporation are also 
proportional to the area we may write 


as (7) 


The total light flux in lumens may be expressed as 


nC - 
'=Cna 8 
L'=Ct = 7 (8) 
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The electron emission and the rate of evaporation are also proportional to 
the area. Hence we may write 


r= (9) 
and 
, M 
M = a7 (10) 


Since the heat capacity is proportional to the volume we may write 
H' = H/Id? (11) 


The quantities W’, R’, A’, V'’, V' VA’, C’, L', I’, M' and H’ may be called 
specific characteristics of the filament. These functions are independent 
of the dimensicns of the filament, but depend on the temperature. 
If we express both the filament length (J) and its diameter (d) in cm, 
these functions are numerically equal to the watts input, resistance, cur- 
rent, voltage, etc., which would correspond to a filament 1 cm long and 1 cm 
in diameter. 

The values of W’, R’, A’, C’, etc., for the range from room temperature 
up to the melting point of tungsten are given in Table I. The data in the table 
are evaluated for filament dimensions measured at room temperature and as- 
sume a density of 19.35 for aged tungsten, a value obtained by measurements 
on filaments which have been run for a considerable length of time in good 
vacuum. 

Determination of the Diameter of Tungsten Filaments 

For the large size wires a good micrometer may be used for measuring 
the diameter, but for very small wires no micrometer is accurate enough. The 
most satisfactory way to obtain the diameter of such wires is to weigh a meas- 
ured length. If w is the weight of the wire in milligrams per cm of length, 
then the diameter in cm is given by 


d = 0.008112 jo (12) 


In using these data in: Table I it must be remembered that they apply to 
ideal tungsten filaments, and that the cooling effect of the leads, and, in some 
cases, other factors must be taken into consideration before they can be applied 
with accuracy to actual filaments. The temperatures (JT deg. K) given at the 
left of the table are on the Kelvin or absolute (centigrade) scale. On this scale 
room temperature is approximately (273+20) = 293 deg. The function W’ 
gives the observed energy input in watts, i.e., “back radiation” from a bulb 
assumed to be at 293 deg. K has been taken into account at the lower fila- 
ment temperatures. 

The functions given in Table I have been plotted on semi-logarithmic 
paper in Fig. 1. 
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Notes on Table I 


From equation (2) we see that the energy radiated by a tungsten filament 
in good vacuum is proportional to the area of the filament. Hence W’ given 
in column 2 of Table I is numerically equal to the energy input for a filament 
of unit length and unit diameter. 

The function W’ is used in estimating the temperature of filaments in 
experimental work when both the length and the diameter are known accu- 
rately. This method proves in practice to be much more accurate than those 
based on current (A’), voltage (V’) or resistance measurements (R’), but less 
accurate than those based on optical measurements (C’). Unfortunately the 
function W’ cannot be used when the filament is surrounded by gas. 

From equation (3) we see that the resistance of a filament is proportional 
to its length and inversely proportional to the square of the diameter. Hence 
R’, given in column 3, Table I, is a function of the temperature only and is 
numerically equal to the resistance of a filament of unit length and unit 
diameter. 

The function R’ has the advantage that it can be used in estimating the 
temperature of filaments surrounded by gas, or even when the surface is tar- 
nished, thereby changing its emissive power for watts and for light. In this 
case the functions W’ and C’ are no longer applicable. 

In practice, however, the function R’ proves to be one of the least accurate 
methods of estimating temperatures for the following reasons: 

(1) The resistance increases relatively slowly with the temperature as com- 
pared with most other properties used for temperature estimation. 

(2) The resistance and its temperature coefficient are very sensitive to 
traces of impurities (carbon). 

(3) At low temperatures the resistance of the filament is often so low that 
uncertainties in the lead and contact resistances are apt to play a large part. 

. From equation (4) we see that the current needed to heat a filament to 
a given temperature varies with the three-halves power of the diameter. 

The function A’ is especially convenient for estimating the temperature 
of filaments in experimental work. The length need not be known and the 
diameter is readily determined from the weight per unit length. This method 
proves in practice to be much more accurate than that based on resistance meas- 
urements (R’) but less accurate than those based on optical measurements 
(C’), or on total energy input (W’). The function A’ cannot be used when the 
filament is surrounded by gas. 

Similarly by equation (5) we see that the voltage drop per cm along a heat- 
ed filament in vacuum is inversely proportional to the square root of the 
diameter. 

This function (V’) is useful in determining what the length of a filament 
should be in order that it may be heated to a given temperature by a given 
applied voltage. 
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From equation (6) we see that (Vj A)/I is independent of the diameter of 
a filament. Hence the function V’jA’ proves very useful in estimating the 
temperature of filaments of varying diameter. For example, if it is desired to 
measure the rate of evaporation of a filament, or the rate of attack by a gas 
at very low pressure, the filament can be maintained at constant temperature 
by maintaining (V VAIL constant, even when the diameter changes consider- 
ably. It also proves useful in estimating (by purely electrical measurements) 
the temperature of a filament in a sealed bulb. In this case the diameter often 
cannot be determined accurately, but the length of the filament can be deter- 
mined by cathetometer measurements. 

This function is not applicable to filaments surrounded by gas. 

The function C’ in column 7 is equal to the average brightness of the fila- 
ment as viewed from a direction normal to the axis of the filament. It serves 
as a very convenient measure of temperature. It has the advantage over the 
measurements of intrinsic brilliancy by a pyrometer that it can be applied to 
filaments of small diameter. The use of a photometer is often much more 
convenient than that of a pyrometer. In common with the pyrometer method 
it possesses the advantage of being applicable to filaments surrounded by gas. 


In accordance with the nomenclature adopted by the Illuminating Engi- 
neering Society,!° we may define the following quantities: 


Lumen: The unit of luminous flux is the lumen. It is equal to the flux emit- 
ted in a unit solid angle by a uniform point source of one international candle. 

Luminous intensity is the light flux from a source per unit solid angle in 
a given direction. 


International Candle: The unit of luminous intensity is the International 
Candle which resulted from agreements between the three national stand- 
ardizing laboratories of France, Great Britain and the United States, in 1909. 
This unit has been maintained by incandescent electric lamps in these labo- 
ratories. 


Candle-power is luminous intensity of a light source in a given direction, 
measured in International Candles. 

The efficiency of a light source is the ratio of the total luminous flux to the 
total power consumed. In the case of an electric lamp filament it is expressed 
in lumens per watt. 

The mean horizontal candle-power of a lamp is the average candle-power 
in the horizontal plane passing through the luminous center of the lamp. It is 
assumed that the lamp is mounted with its axis of symmetry vertical. 

The mean spherical candle-power of a lamp is the average candle-power of 
the lamp in all directions in space. It is equal to the luminous flux of the lamp 
in lumens divided by 4x. 


0 Trans. I. E. S. 20, 629 (1925). 
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The spherical reduction factor of a lamp is the ratio of the mean spherical 
to the mean horizontal candle-power of the lamp. In the case of a uniform 
point source, this factor would be unity and for a straight cylindrical filament 
obeying Lambert’s Cosine Law of emission it would be equal to /4. 

The function C’ in Table I is based on Forsythe’s and Worthing’s‘ meas- 
urements of candle-power. It represents the candle-power per unit length 
per unit diameter in a direction perpendicular to the axis of the filament as seen 
through a lamp bulb which absorbs one per cent of the light. If C’ could be 
measured inside the lamp bulb its value would be one per cent higher. 


Effect of Reflection from the Surface of the Bulb 

In using C’ to determine the temperature of filaments it is important to 
have clearly in mind the errors that can occur if the proper proportion of the 
light reflected from the bulb does not get into the photometer. This may be 
illustrated by the following idealized cases: 

Case I: A straight, vertical filament of small diameter close to the axis of 
a cylindrical bulb. If the filament is at a distance A from the axis of the cylin- 
der, the rays of light from the filament after reflection from the bulb are fo- 
cussed along a line which is at a distance A from the axis on the side opposite the 
filament. Assuming that 4 is large compared to the diameter of the filament 
but small compared to the bulb diameter, very little of the reflected light is 
intercepted by the filament. Thus, if the observer places his eye in the position 
of the photometer head, he sees the lighted filament and its reflected image 
having the same dimensions as the filament close beside it. 

If the luminous intensity of the filament in a horizontal direction is one 
candle per cm of length as measured inside the bulb, and if the total reflection 
(inner and outer surfaces) from the bulb is 7, expressed as a fraction of the inci- 
dent light, then the luminous intensity of the image is r candles per cm. As 
seen through the bulb, the intensity of the filament is thus (1—r), and that of 
the image is r(1—r), or r—r?, There is, however, an image of the image, etc. 
so that, apart from absorption, the total luminous intensity of the filament and 
all its images is one candle per cm. 

Forsythe and Worthing,‘ as a result of extensive experiments, conclude 
that clear glass bulbs absorb about one per cent of the light from the filament. 

The candle-power involved in the function C’ represents the candle-power 
of the filament and all its images as seen through the bulb after one per cent 
of the light has been lost due to absorption in the glass and by imperfect reflec- 
tion. The intensity of the light from the filament as measured by any method 
which excludes the light from the images (for example, any instrument such 
.48 an optical pyrometer) is lower than that given by C’ in the ratio (1—r):1. 

The reflection coefficient for light striking a glass surface at normal incidence 
depends only on the index of refraction () of the glass and is the same where 


‘ Forsythe and Worthing (loc. cit.). 
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the light enters and where it leaves the glass. The fraction of the light reflected 
from both surfaces is thus approximately 
n—1\? 

= 14 

r=2(2) (14) 

For example, a glass, such as finds extensive use in lamp manufacture, has 

an average refractive index of 1.51 for the visible spectrum. Hence r is 0.083, 
or 8.3 per cent of the incident light is reflected from the two glass surfaces. 





Case II: The diameter of the straight tungsten wire or rod being photom- 
etered may be comparable in size to the diameter of the cylindrical glass tubing 
so that the reflected image coincides with the filament. In this case, if the observ- 
er places his eye in the position of the photometer head, he will see no image 
of the filament. The 8.3 per cent of light reflected from the glass is focused 
back onto and intercepted by the filament. Since the filament absorbs approx- 
imately 55 per cent of all incident light, only 45 per cent of the 8.3 per cent 
which is reflected by the glass, reaches the photometer head. Thus the observ- 
ed candle-power is only 96.3 per cent of that calculated from C’ at any given 
filament temperature. 

Case III: If a straight filament is located in a clear glass cylindrical tube, 
parallel to the axis and at a distance equal to half the radius from it, large errors 
in candle-power measurements are possible. In this case the filament lies at 
a principal focus of the cylindrical surface, so that a large fraction of the light 
rays reflected from the bulb are focussed into a beam which is projected in 
the direction of a line passing from the filament to the tube axis. If the lamp 
is mounted in the photometer so that this beam is directed toward the photom- 
eter head, the observed candle-power may, in some cases, be more than double 
the normal value. In such cases, if the observer places his eye in the position 
of the photometer head he sees, besides the filament, a very much enlarged 
or magnified image of the filament which appears as a broad band of light 
having an intrinsic brilliancy about 8.3 per cent of that of the filament. 

If the light intensity (inside the bulb) from the filament is 1 candle per cm, 
the apparent intensity of the filament itself, neglecting absorption, is 0.917. 
Assuming the image appears to be 20 times as broad as the filament itself, 
and 8.3 per cent as bright, the intensity of the image will be 1.52 candles per 
cm so that the total intensity is 2.44 candles per cm. The function C’, however, 
would give 0.99 candles per cm for this case. 

In other directions than along the line connecting the filament and the tube 
axis, in general, no image of the filament will be visible, so that the light inten- 
sity will be 0.917 candles per cm. The mean horizontal candle-power, however, 
will be 1 candle per cm or 0.99 if we allow for absorption, in agreement with 
the value from C’. 

For example, in the “movie lamp,” the light from one coil which is reflected 
by a concave mirror is used to give an increased effective candle-power in one 
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direction as the reflected light is focussed into the dark space between two ad- 
jacent coils of the filament. 

To eliminate errors due to lead cooling, it is good practice in determining 
C’ to place a slit of known width in front of the lamp. In this way it is also pos- 
sible to prevent light from any distorted reflected images from reaching the 
photometer head. 

Let us suppose it is desired to measure the brightness C’ of a straight por- 
tion of a vertical tungsten wire which is at a distance r, from the photometer 
head. The slit of width /, (measured vertically) is placed in front of the lamp 
at a distance r, from the photometer head. The effective projected area (A,) 
of the filament as observed from the photometer head, and expressed in accor- 
dance with our convention in terms of the dimensions of the filament at room 
temperature, is given by 
_ Ldr, |, 
ta dp 


A (15a) 


Dp 
where d is the diameter of the filament and /,/I,, the ratio of the length of a piece 
of tungsten at room temperature to the length at the temperature T, is given 
as the reciprocal in column 16 of Table II. 


Hence for this case 

— _C(lr)rs 
~@OGn oo 
where C is the observed candle-power. In the case of a single loop filament 
the observed area would, in general, be twice that for a single straight filament. 

The observer, should make a practice of placing his eye in the position of 
the photometer head after the lamp is mounted to make sure that the filament 
and its reflected image have the same dimensions so that the proper proportion 
of the light from the image comes into the head. 

If the filament is not located near the axis of the bulb or if the bulb is not 
cylindrical in shape, the reflected image is usually distorted or may be absent 
altogether. In such cases, it is advisable to make sure by the use of properly 
placed screens, if necessary, that no light reflected from the bulb reaches the 
photometer head. The observed candle-power should then be divided by 0.917 
in order to obtain a value corresponding to C in equation (15). 

Lambert’s Cosine Law. for luminous radiation requires that each element 
of the light source shall appear equally bright from whatever angle viewed. 
A black body fulfils this requirement. Tungsten deviates, however, in that 
as the angle of viewing the surface changes from normal incidence to grazing 
incidence, the brightness, at first slowly and then more rapidly increases from 
normal brightness to a maximum brightness of about 115 per cent of normal 
at an angle of 75 deg., after which it decreases rapidly and probably reaches 
zero at 90 deg. 


Cc! 








1 Worthing: Astrophys. J. 36, 345 (1912). 
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Computation! shows that the average brightness of a cylindrical tung- 
sten filament viewed normal to its length is about 3 per cent greater than the 
average brightness of a flat tungsten surface, and that the average brightness, 
taking account of all directions of emission, as is done when the brightness is 
computed from the total light output in lumens and filament dimensions, is 
about 5 per cent greater than the normal brightness. 


Therefore, the function L’, which expresses the total light flux in all direc- 
tions from the ideal filament in lumens, is equal to C’n?x 1.02. The factor 
1.02 takes account of the deviation from Lambert’s Cosine Law for light emis- 
sion in all directions as compared with the light emitted normal to the length 
of the filament. This function gives the lumens which are transmitted through 
clear glass lamp bulbs. The lumens inside the bulb would be one per cent 
higher. 

The luminous efficiency of tungsten is usually expressed in lumens per 
watt. The efficiency of the ideal cylindrical tungsten filament is given by the 
function L’/W’ in column 9, Table I. From equations (2) and (8) it follows 
that 

LL 
Www (16) 


This function proves very useful in determining the temperature of an ideal 
cylindrical tungsten filament of unknown dimensions in vacuum. The watts 
may readily be determined while the lumens are measured in an integrating 
sphere. 

Column 10, Table I, contains data on the electron emission from the ideal 
pure tungsten filament in high vacuum.* The values given represent the max- 
imum current in amperes (saturation current) that can be obtained from x sq. 
cm of filament surface. The equation from which the electron emission per 
sq. cm may be calculated is 


La 
i= AT%e T (17) 
where A = 60.2 amp. cm~? deg.-? 
T = temperature in degrees Kelvin, 
€ = the base of the Napierian logs, and 
b, = 52,400 deg. 
The eleventh column gives the rate of evaporation in gm per sec per cm 
of length from an ideal tungsten filament of 1 cm diameter or from x sq. cm 


* Traces of other substances, such as alkali metais and earths, thorium, etc., which are often 
present in commercial tungsten filaments, may cause an electron emission much greater than 
that given. 

* Forsythe and Worthing, (loc. cit.). 
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area. The equation which expresses the rate of evaporation in gm per sq. cm 

per sec is 

41,900 
T 


The twelfth column in Table I gives the ratio of the “hot” to ‘“‘cold”’ resist- 
ance. The cold resistance is taken at 20 deg. C. Thus R’ (at T = 293 deg. K) = 
6.984 x 10-*, so that 











T—0.000164T (18) 


R,|Roys = 0.1432 x 108R’ (19) 


This function, which gives one of the least accurate methods of determining 
the temperature of filaments, may be used for filaments either in vacuum or 
surrounded by gas to get an approximate measure of the temperature. It is, 
of course, independent of filament dimensions or surface conditions. 

Column 13 gives the heat capacity H’ in watt-sec (or joules) per degree 
for the ideal tungsten filament 1 cm in length and 1 cm in diameter. These 
data were calculated from 273 deg. K to 900 deg. K from the Debye’* theory 
of the specific heat of solids at low temperatures. 

Since the Debye curve for c,+(¢,—c,) meets the line drawn through the 
experimental data of Worthing, Smith and Bigler* and Gaehr® at 900 
deg. K, the equation of this line was used to calculate the atomic heat of tung- 
sten from 900 deg. K to the melting point. The equation is 


¢, = 4.7+0.0015T (20) 


where c, is the atomic heat in cal. per gm. atom per degree and T is the absolute 
temperature (deg. K). 

The volume of an ideal tungsten filament 1 cm in length and 1 cm in diam- 
eter is 7/4 cm® so that the factor to convert from cal. per gm atom per degree 
to watt-sec per degree for the ideal filament of unit length and diameter is 

mx 19.35 x 4.185 
=e = 0.3456 

Since the total energy content of an ideal filament is a function of the volume 

and the temperature, we may write 


Ur=Tr = i. {Her = [wer (21) 


Column 14 gives the total energy content, U’ in watt-sec, t.e., H’dT, inte- 
grated between the limits zero and T, of an ideal tungsten filament of unit 
length and unit diameter. 


2 P. Debye, Ann. d. Phys. (4) 39, 789 (1912). 
13 Worthing, Phys. Rev. 12, 199 (1918). 

‘€ Smith and Bigler, Phys. Rev. 19, 268 (1922). 
8 Gaehr, Phys. Rev. 12, 396 (1918). 
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From equation (2) we observe that the energy radiated from an ideal fila- 
ment per sec = W'Id and by equation (11) we note that the energy content 
of an ideal filament = H’ld*. Hence, if we wish to know how long it takes for 
a filament to cool from the temperature 7, to 7, after turning off the current, 
we may write 


—W'ld dt = H'ld* dT (22) 


Transposing and integrating we obtain 





ie far ie Y 


(23) 


We have carried out the integration of equation (23) by means of Simpson’s 
one-third rule using 102 ordinates. The time of cooling from the melting point 
(T, = 3655 deg. K) is given in column 15, Table I. These values are numeri- 
cally equal to the time of cooling for an ideal tungsten filament 1 cm in diam- 
eter. 


Part II 


A number of functions which may be found useful have been derived from 
the data in Table I and are given in Table II. The dimensions of the filament 
are measured at 20 deg. C. or 293 deg. K. 


Notes on Table II 


Column 1 gives the temperature on the Kelvin scale; column 2, the specific 
resistance of aged tungsten, numerically equal to the resistance of a one cm 
cube with dimensions measured at room temperature and uncorrected for 
expansion. The resistivity (g) is equal to R’ x/4. Column 3 gives the exponent 
of the temperature according to which the resistivity increases. Column 4 gives 
W'|x which is numerically equal to the energy in watts radiated by one sq. 
cm of tungsten with correction made for “‘back radiation” from a glass surface 
at a temperature of 293 deg. K. Column 5 gives the exponent of the tempera- 
ture according to which W increases. Column 6 gives B, the brightness of a tung- 
sten surface viewed normally to its surface; it is expressed in international can- 
dles per cm*. The brightness expressed in lamberts is xB. It will be noted that 
B is 3 per cent lower than the value of C’ in Table I, because the candle-power 
of a flat piece of tungsten viewed normally is 3 per cent less than the candle- 
power of a cylindrical wire measured normal to its length. 

The data given in Table II for the candle-power of one sq. cm of tungsten 
are the values actually observed with the photometer. To an observer inside 
the glass bulb, these values would be increased by an amount equal to the absorp- 
tion in the glass, i.e, one per cent. Column 7 gives the temperature exponent 
for candle-power or brightness, while column 8 gives the temperature expo- 


Google 


Characteristics of Tungsten Filaments 


282 

































































¥6£ | «OLX 79'9 Oz Or'Lt +01'0 e's £8't z8tl 6VLE 00+T 
£% =| or-OLX IZ'E Vel Ss'8I 9L20°0 Ws “s'% ssi 80'rE OOEl < 
Lsy | s1-O1X £26 [eat 06°61 1£900°0 6r'S 99°. 681'T 86°0E 00z1 2 
Ly | e-OLX ZS'T 9st £12 40100'0 us's L270 S6l'l ¥6°L7 OO1r re) 
ys | 1-01 X LOT elt Sez 971000°0 So's z09°0 007'1 £6'47 0001 ez 
£0 
£L's 7ze'0 202 $617 006 Bs 
€8°s 691-0 SIZ'1 00°61 008 Pes 
S6'S +¥9L0'0 £271 60°91 002 oG 
zz'9 +0£0'0 ZEzT aa 009 i 
wd 12600°0 aca 95°01 00s S 
pa | 

L901 66100°0 ssl 950°8 00+ 

o1'st +1£0000'0 8971 s9°s 00c 

| OL2'1 64'S £67 

Stl 00's £L@ 

l 7 s-Wd sa]puBd ; ; a 
s-wo ‘dure jut s—W9 878M wo Wyo M ‘3ep 
a pace t| [in ED 
oP? iy 1 LP? ay LPT ay ty jLP M _ om, po _y C7) 
LP | B L 3p Lt ap z Lap a Top MOE L 
NOISSIAWA NOUWLOFTS 2? AONSIOAT SSAN.LHOG Hl daLVidva waMod ALIAILLSISSY | 
i H 

or | 6 8 L 9 | s + £ z 1 

uajsduny, fo sarjsadosg 21sursjuy awog 5 


I] a1av,L 


283 


Characteristics of Tungsten Filaments 





vor 
oor 
OLT 


HLT 
oll 
ysl 
681 
sé 


Voz 
L:0@ 
vz 
[a4 
O'e@ 


x4 
8'+7 
8st 
02 
C87 


9°67 
VE 
8ZE 
Sve 
69E 





6'6Lb 
SELE 
TEE 


V2rl 
S¢'+8 
8°Lb 
$97 
ST+T 


Tek 
St 
1e9'T 
91L0 
8670 


910 
8-01 X LO 
s-O1 X €€°1 
2-01 X £6 
2-O1 X 001 


»-OL X 87°7 
s-OL X Lob 
2-01 X 80° 
2-O1 X L7'6 
e OLX +16 








Lt 
87 
67 


ve 
ee 
sé 
“Le 
or 


(a 
Sb 
8b 
Vs 
ss 


ss 
v9 
“9 
VL 
OL 


v8 
88 
$6 
fOr 
Vit 








90°L 
HL 
tek 


oss 
CLL 
v6'L 
8s 
So'8 


$L'8 
90°6 
6£°6 
SL6 
9 a) 


sso 
OO'TT 
Brit 
Ka § 
Ls‘7t 


OzEL 
06°€T 
91 
Lest 
Leor 





£919 
ogss 
Ors+ 


099€ 
£687 
S27 
SPL 
9cel 


186 
CEL 
ces 
v9E 
867 


vrOL 

Lot 

0“9 
SLLE 
99°07 


£601 

ers 

£7 
L760 
£££0 








stb 
6f+ 
Ory 


Ieb 
thy 
try 
ob 
8b 


Is 
$S'> 
8S'b 
19+ 
99° 


Le 
oly 
18+ 
L8'> 
£64 


66> 
90'S 
ars 
0@'s 
Les 





978E 
O'09E 
OSE 


0087 
HST 
O'v1Z 
ssl 
$091 


SLE 
OLIL 
9°66 
8°£8 
8°69 


“ls 
tly 
CBE 
S°O€ 
0°67 


$981 
6l +L 
7901 
FLL 
css 








6771 
Let 
$271 


Wer 
SIZ 
9171 
£171 
OIL 


LOz'T 
soz't 
cet 
007° 
LOVT 


Soll 
(4) 
O61T 
8st 
98st 


+8tl 
4:3 aa 
O8t'T 
6LUL 
6LVT 





VAIL 
OST 
Vl 


7LOL 

£0 
$S°66 
9L°S6 
+0°%6 


££°88 
0L'+8 
018 
6rLL 
16°€L 


6£°02 
16°99 
8r't9 
90°09 
L9°9S 


sees 
soos 
BLOF 
SS'Eb 
9f OF 








SS9E 
009€ 
Oost 


OOFE 
OOee 
00zE 
OOTE 
000€ 


0067 
0087 
0042 
0097 
00Sz 


007 
0027 
001z 
0002 


0061 
0081 
OOLT 
009T 
Oost 





\LIFORNIA 


Orig 
UNIVERSITY OF Ci 





Characteristics of Tungsten Filaments 























OLI8 08'9 s€soo'l sLvo 8°89 u-OL X 79'T £89 z-O1 X IS'% 00+ 
LOrL L499 62¢00'T 8stO SL or-Ol X 818 Ord OLX SEL OOET 
0+99 cs’9 +Z+00'T +10 Vis w-Ol X L8'T 9°08 w-Ol X IE 0071 
L66S t¢'9 TL£00°T +710 088 a-Ol X 7T S18 or-O1 X LVT OOLT 
OLES 9£°9 0z£00°T soro £56 oz-Ol X 86'°T 86 vwe-Ol X TES 0001 
| 
LsLe 0£'9 04700°t 880°0 || 006 
TSI +79 @7Z00'T 7L0°0 | 008 
ISse 079 SL100°T £s0°0 004 
$567 +19 O£100°T se+0'0 | 009 
| 
T9ET 60°9 98000°T 0z£0'0 00s 
LLL so°9 $+000'T 8£70'°0 00+ 
cara’ £0'9 £0000°T 0L10°0 O0£ 
O9IT 670°9 00000°T 9910°0 £67 
8+01 sz0'9 16666°0 +s10°0 | £L7 
| 
| 
two 3 "ye. 1-"B9p Aran zw soudp 1-98 gw 3 M ‘Bep 
1-Woye B [eo = = £poq ¥puiq r | 
0 
a | mt 4, 8685/4, 2 ae ae (se430q) LP IW _ wy Ww 
LP | (e} "1 a L ap d 7 WP W L 
NOISNVdXa ; 
INHINOO LVaH || LVaH OIWOLY BEA IAISSIWA WAM Od, muAssaud WOdVA NOLLVUOdVAd 
8I Lt OL st +1 £1 rai Il if 









































uajsduny, fo saysadosg o1sutsqzuy awog 


“@uoD) IT sTav,L 


Original from 
UNIVERSITY OF CALIFORNIA 


Digitized by Google 


285 


of Tungsten Filaments 


ICS 0) 


Characterist: 





TTELZ 
79L9Z 
09LS7 


TLLbZ 
66LE7 
TH87Z 
66817 
7L60% 


68002 
T9T6L 
6L281 
TIWLt 
6Ss9L 


T2Lst 
868¢1 
160¢T 
86ZET 
Ws2t 


SSLIL 
O1olr 
8201 
0986 
8588 











stor 
oror 
$66 


08°6 
$96 
0S'6 
St'6 
026 


s0'6 
06'8 
SL's 
09'8 
Sv'8 


oes 
Sts 
00°8 
SoZ 
OL. 


sok 
Ore 
StL 
ore 
96°9 











60220'T 
8S1Z0T 
89020°T 


08610°T 
£6810'T 
80810°T 
vZLI0'L 
7r9lO'T 


T9STO'T 
6L¢10'T 
vOvlO'T 
8ZE10L 
Eszlo't 


O8TlOT 
60LIO'T 
6£010'T 
12600°T 
¥0600°T 


6£800'1 
SZL00'T 
€TLOO'T 
7S900'T 
£6S00'T 








9L£°0 
vlLeO 
OLE°0 


99£°0 
79€'0 
Ls€°0 
ts€'0 
9rE°0 


Ove'0 
£0 
L7E0 
oze'0 
zle0 


v0e'0 
$670 
$870 
$170 
£970 


Osz'0 
Lt7'0 
770 
L020 
z6r0 








67 
£°S7 
V9z 


697 
8°Lz 
L'8@ 
£62 
60£ 


Ve 
vee 
SE 
£9E 
SLE 


S°6E 
vb 
vir 
Sb 
“ly 


0s 
oes 
wos 
8°6S 
o'+9 





bax 4 
est 
tS L 


Ive 

Ist 

£19°0 
0sz'0 

3-01 X 02'6 


s-O1 X O0'€ 
-O1 X $8°6 
2-01 X 98°7 
v-O1X $72 
OLX ILT 


s-OL X 7S'E 
o-O1 X L¥'9 
2-01 X 88°6 
2-O1 X 871 
e-O1 X £E°T 


6-01 X 101 
11-0 X TE°9 
s1-O1 X 787 
w-Ol X £48 
s1-O1 X $S°T 








a4 
8°67 
oSz 


¥97 
£°L7 
782 
762% 
FOE 


OTE 
67E 
fe 
B'S 
Le 


0'6E 
60+ 
OC 
6 by 
Colt 


8'6r 
sts 
“ss 
£°6S 
so 





»-OL X 877 
v-Ol X TS'T 
2-01 X $92 


s-O1 X LYE 
s-OL X 9ST 
s-O1 X 8£°9 
s-O1 X 097% 
2-01 X $66 


2-O1 X OF 
2-O1 X OTT 
2-Ol X 61'E 
s-Ol X 148 
«OI X £07 


or-OL X 97'b 
tr-OL X 00°8 
1-O1 X S7T 
s1-Ol X 99'T 
er-Ol X OL'T 


w-O1 X Ip'T 
or-OT X18°8 
a-O1 X LVY 
st-OT X S71 
oz-Ol X LEZ 








SS9E 
009€ 
OOSE 


O0rE 
ooEe 
ooze 
OOlE 
000€ 


0062 
0087 
0047 
0097 
00sz 


0062 
00£Z 
0072 
00Tz 
0002 


0061 
0081 
OOLT 
009T 
OOsT 





ORNIA 


F 


Y OF CALI 


IVERSIT 


JN 


) 





286 Characteristics of Tungsten Filaments 


nent for efficiency (lumens per watt as given in column 9, Table I). Column 
9 gives the electron emission in amperes per sq. cm and is numerically equal 
to I'/z, while column 10 gives the temperature exponent for emission. Column 
11 gives the rate of evaporation of tungsten in good vacuum expressed in gm. 
per sq. cm per sec, i.e., M’/x, while column 12 gives the temperature exponent 
for evaporation. Column 13 gives the vapor pressure of metallic tungsten in 
baryes (or dynes per sq. cm) while column 14 gives the temperature exponent 
for vapor pressure. Column 15 gives the power emissivity for metallic tungsten, 
that is, the ratio of the power radiated from a filament into surroundings at 
0 deg. K to that radiated from a black body at the filament temperature. Column 
16 gives data on the thermal expansion of tungsten. The figures represent the 
ratio of the lengths of a filament at a given temperature to the corresponding 
length at room temperature (20 deg. C). Column 17 gives the atomic heat at 
constant pressure (c,), that is, the heat in gram-calories required to raise 184 g 
of tungsten 1 deg. C, while column 18 gives the total heat absorbed (Q;) by 
one gm atom of tungsten in being heated from 0 deg. K to T deg. K. 


Characteristics of Actual Filaments 


The data given in Tables I and II refer to an ideal filament. In order to 
apply these data to actual filaments, it is often necessary to take into account 
the factors which cause departures from the ideal conditions. 


(1) Cooling Effect of the Leads. — Let us consider a single loop filament 
welded to two leads. 

The leads cool the ends of the filament and thus lower its resistance. Hence, 
with a given current passing through the filament, the voltage drop is lowered 
by an amount AV. 

The problem of heat conduction along a lead has been studied by Langmuir!® 
and by Worthing.’ S. Dushman and I. Langmuir have recently recalculated 
Langmuir’s data on lead losses, and it is their calculations which are present- 
ed here. 

Let V = observed voltage drop 

AV = voltage drop lowering due to cooling at the end of one lead. 

Then the factor (f), by which the observed voltage drop should be multi- 
plied for a filament cooled at two leads in order to obtain the voltage drop for 
the entire length of filament running at the maximum temperature, is given 
by the equation 


feet (24) 





AV is a linear function of the maximum temperature (T7,,) of the filament 
and also depends on the filament to lead junction temperature (To). 


* Langmuir, Trans. Faraday Soc. 17, 621 (1922). 
17 Worthing, J. Franklin. Inst. 194, 597 (1922). 





Google 


Characteristics of Tungsten Filaments 287 


Case 1 


If the lead diameter is six times that of the filament diameter, and T,, is 
greater than 1200 deg. K, analysis shows that the ratio 7,/T,, is approximately 
constant and equal to 0.25. 

For this case, AV may be calculated by the equation 


AV=0.9897 x 10-577? 8° (25) 


The factor (f), by which the observed watts radiated, electron emission, 
candle-power, rate of evaporation, and all other functions which increase with 
more than the third power of the temperature should be multiplied in order 
to obtain the value corresponding to the entire length of filament running at 
the maximum temperature, is given by the equation 


pa Vt2AV 
= Y2AV—24V, 


AV,, is a complicated function of both n (the exponent with respect to tem- 
perature with which the function studied increases at the maximum tempera- 
ture T,,) and T,,. For Case I, when n => 5.0, AV, is calculated by means of 
the equation 


(26) 


AV, = 10-8T9(2,113log. 9 +-0.709) (27) 
Case 2 


In this case, when lead diameter to filament diameter is in the ratio of 6 
to 1, and T7,, is equal to or less than 1200 deg. K, 7, remains approximately 
at room temperature (300 deg. K) and AV is given by the equation 


AV = 1.394 x 10-5T189— 4.894 x 10-3730 (28) 


Similarly for this case, AV,,, which is used in calculating the factor (f) in 
equation (26) is given by 
AV,, = 10-5T199(2.113 log.,92+ 1.153) — 0.005277 %° (29) 


For example, let us assume a single-loop, 5-mil tungsten filament support- 
ed by two 30-mil leads running at T,, = 2800 deg. K. 7, the temperature at 
the lead junction will then be 700 deg. K, i.e., T)/T,, = 0.25. Hence by equa- 
tion (25) 

AV = 0.9897 x 10-5 x 2800!3° 

= 0.300 gives the voltage drop lowering due to cooling at one lead. 

The observed resistance of the filament would be multiplied by the factor 

(f) calculated by equation (24), i.e., 


V+2(0.300 
Ra (222020) 


to obtain the resistance of the entire filament running at the maximum temper- 
ature (T,,). 
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If we were studying electron emission under these same conditions, since 
n, = 20.7 at 2800 deg. K (see Table II) and hence log, om, = 1.316, we sub- 
stitute the numerical values in equation (27) to obtain 


AV,, = (2.113 x 1.316+0.709) 10-5 x (2800)!3° = 1.056 


The observed electron emission should then be multiplied by the factor 
(f) calculated by equation (26), i.e., 


: V+2(0.300) 
(ors) \' 74-2 (0.300) —2(1.056) 


to obtain the theoretical electron emission for the entire filament running at 
the maximum temperature (T,,). 


(2) Corrections for Lack of Straightness of the Filament. — If a filament is 
bent into the form of a loop the characteristics are, in general, unchanged except 
that the distribution of light is altered. Thus the total lumens, or the mean 
spherical candle-power, remain the same, but the mean horizontal candle- 
power is usually considerably changed. 

The candle-power of the filament in a given direction may be calculated 
from the projected area of the filament in that direction. 

The effect of lack of straightness becomes more serious if the filament is 
wound into the form of a helix or bent into any other form in which the free 
radiation from parts of the filament is prevented by the close proximity of 
other parts. Under such conditions the watts and even mean spherical candles 
of a given length of filament are decreased, but the resistance at constant tem-— 
perature remains nearly unchanged. 

(3) Effects Produced by Roughening or Contamination of the Surface. — lf 
a filament is heated in the presence of vapors of carbon compounds, this element 
is often taken up by the filament. This leads to an increase of emissivity so 
that, with the filament at a given temperature, the watts and candle-power may 
be considerably increased. An oxidation of the filament at lower temperatures 
may produce similar effects. Effects of this kind are also observed if the charac- 
teristics of a filament are measured before it has been thoroughly aged. In the 
case of a well-aged filament in a good vacuum the surface conditions of tung- 
sten filaments seem to be remarkably uniform. 


(4) Effects Caused by Impurities in the Metal. — Mrs. M. R. Andrews'® 
has shown that when carbon diffuses into tungsten at a high temperature, 
a compound, W,C, is formed, and that the conductance of the material at room 
temperature decreases linearly as the carbon content increases until, when 
complete conversion to W,C has been attained, a minimum conductance of 
seven per cent that of the tungsten is reached at 293 deg. K. Further carboni- 
zation leads to the formation of a second compound, WC, with a corresponding 





18 Andrews, J. Phys. Chem. 27, 270 (1923). 
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increase in conductance, since the conductance of this compound is 40 per 
cent that of tungsten. One-tenth of one per cent of carbon suffices to raise the 
resistance at room temperature by about five per cent. The resistance at other 
temperatures may be readily calculated from the fact that the increase in resis- 
tance caused by the presence of any given amount of carbon is approximately 
the same at all filament temperatures. F 

Less than one per cent of thoria (ThO,), which is frequently used in small 
amounts in tungsten filaments, has no appreciable effect upon any filament 
characteristic except to give a greatly increased electron emission. 

It has been shown’® that thoria (ThO,) is reduced by tungsten at high 
temperatures and a monatomic layer of thorium forms on the tungsten surface. 
This metallic film shows remarkable stability and gives a greatly increased 
electron emission over that of pure tungsten. The latest precision data which 
were kindly furnished the writers by Dr. S. Dushman, fit the equation 

& 
I=AT*% 7 (30) 
where A = 3.0 amps. cm? deg.-? 
T = temperature of surface in degrees Kelvin 
b, = 30,500 degrees Kelvin, and 
J = electron emission in amps per sq. cm when dimensions are ex- 
pressed in cm at room temperature. 

A small amount of thoria retards crystal growth and makes it essential. to 

age for a longer time to attain constant conditions before measuring. 


(5) Effect of Gases in Conducting Away Heat. — The amounts of gas nor- 
mally present in a good lamp vacuum do not conduct a perceptible amount 
of heat. 

For low pressures of gases (less than 500 baryes or 0.35 mm of mercury) 
the heat conductedjfrom a hot filament by a gas may be calculated®® from 
the rate at which the gas comes into contact with the surface. 

Thus for monatomic gases, such as argon 


W, ap(T—T,) 








W.= daa 0.00228 ) MT, (31) 
and for diatomic gases, such as nitrogen: 
w: = 0.00121 (P= 7)_ (32) 
(k—1)y MT, 
where 
W, = watts of heat energy conducted by the gas, 
and 


a = accommodation coefficient of the gas on a tungsten surface. 


1 Langmuir, Phys. Rev. 22, 357 (1923). 
20 Langmuir, 7. Am. Chem. Soc. 37, 422 (1915). 


19 Langmuir Memorial Volumes II 
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This coefficient is always less than unity. 

The values of a are 0.57, 0.85, 0.95, and 0.20 for nitrogen, argon, mercury, 
and hydrogen, respectively. 

k = ratio of the specific heat at constant pressure to the specific heat at 
constant volume. 

For all monatomic gases, such as argon, neon and mercury vapor, k is equal 
to 1.666. For diatomic gases like hydrogen, nitrogen, etc., k equals 1.40, and 
for triatomic gases like CO,, k is about 1.29. 

p = pressure of the gas in baryes. 

The barye is the C. G. S. unit of pressure and is equal to 0.00075 mm or 
3/, of a micron pressure. One bar (10° baryes) is equal to 750 mm, which is 
more nearly average atmospheric pressure than the 760 mm usually adopted 
as standard. 

M = molecular weight of the gas 

T = temperature (deg. K) of the filament 

T, = temperature of bulb. 

By calculating the values of the constants for the various gases, the follow- 
ing formulae have been derived from the above. In each case the bulb tem- 
perature (7) has been taken to be 300 deg. K in calculating the expression under 
the radical. 

For nitrogen 


W; = 18.8 x 10-*p(T—T,) (32a) 
For argon : 

W; = 17.7 x 10-*p(T—T,) (31a) 
For mercury vapor 

W, = 8.84 x 10-*p(T—T7,) (31b) 
For hydrogen the corresponding formula is 

W, = 24.6x 10-*p(T—T) (32b) 


This last equation gives the results agreeing with experiments only for tem- 
peratures up to about 1500 deg. K. At higher temperatures the hydrogen is 
dissociated by the hot wire and the heat absorbed by the dissociating gas at 
very high temperatures reaches values as much as 20 times that calculated by 
equation (32b). 

For pressures above 500 baryes the formulae given are not applicable. At 
higher pressures the heat conducted by the gas may be calculated by methods 
and equations that have already been published.?? 

Experiments have shown that the introduction of gases chemically inert 
towards tungsten does not alter the relation between resistance and tempera- 
ture or that between candle-power and temperature. 


1 Lan amuir, J. Am. Chem. Soc. 37, 417 (1915). 
22 Langmuir, Phys. Rev. 34. 401 (1912); see also Rice, Trans. A.I.E.E., June, 1923, also 
Feb., 1924, and Jones, Gen. Elect. Rev. Sept., 1925. 
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The Variation in Tungsten Filament Characteristics with Respect to a Change 
in Another Function 


Let us assume, for example, that a tungsten filament in which the length . 
and the watts radiated are held constant, is evaporating at a fairly rapid rate 
so that the diameter is decreasing constantly. In this case, since the wattage 
is held constant when the diameter is changing, the temperature will vary con- 
tinuously. Because of this simultaneous variation in temperature, the change 
in voltage drop, for example, cannot be calculated from the change in diameter 
directly by the use of Table I and equation (5). In cases of this kind, the follow- 
ing method may be employed: 

Let W, R, L, T, 1 and d be variables where 


W = watts 

R = ohms 

L = lumens 

T = temperature 
1 = length, and 


d = diameter. 
There are three equations containing these quantities which may be used 
to describe a tungsten filament in good vacuum. 
These equationst are: 


W = A,T™ld (33) 
R= A,T**l/d? (34) 
L=A,T™ld (35) 


If we have six variables and six equations the values of all variables are defi- 
nitely fixed. If, however, we have six variables and only five equations express- 
ing the relations existing between the variables, there is one degree of freedom, 
In this case, if we fix the value of any one variable as the independent variable, 
the values of the other variables are fixed as dependent variables. We can then 
determine the derivative of any variable with respect to any other variable. 

Since in our problem we have only three equations and five are needed for 
a solution, we may add two conditions which may be expressed in general form 
as follows: 

W'w R’aL*t Pid’ =const. (36) 
Ww R°R Lt [td‘¢ — const. (37 

If we express these five equations in logarithmic form we have for example 

from equation (33) 
log W = log Ay+n, log T+ log /+log d (38a) 
but since we will use these equations repeatedly in logarithmic form, we will 


henceforth use bold-faced Roman type to denote the logarithm of the symbol 
used. 


+ Aw, Ar, and A; are constants in the equations. 
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Hence we have: 


W= Awtn,T+ 14 d (38) 
R= Agt+n,T+ 1-2 (39) 
L= A.+n,T+ 14+ d ; (40) 
AywW+A,R +4,L+4,1+/, = C, (41) 
éyW+e,R +e,L+e,1+e,d = C, (42) 


As the solution of the problem which we have chosen as an example in- 
volves only the total derivative of voltage with respect to the diameter when the 
wattage and the length are held constant, the constant terms in the equations 
become zero and since we are in general considering only the differentials 
of the variables occurring in the above equations we may use the coefficients 
to solve the equations by means of matrices and determinants. 

We have solved these equations for all combinations of the conditions, 
i.e., any two of the variables are held constant. The details of the method of 
solution of these equations, which illustrate the use of matrices and determi- 
nants in solving a large number of simultaneous equations, are given in the 
appendix. 

Table III contains the equations expressing the derivatives of each variable 
with respect to another variable when two of the other variables are held const- 
ant. In using this table, it should be remembered that the bold-faced Roman 
letters denote the logarithms of these quantities. The exponents, ny, m,, etc., 
are given in Table II. The electron emission (J) and rate of evaporation (M) 
may be substituted for lumens (L) by substituting , or n,, respectively for m, 
where it appears in the formulae. 

The numerical values of the exponents at 2400 deg. K have been used to 
calculate the number occurring under the heading, ‘Value at 2400 deg. K”. 
These numbers give the percentage change of the function in the numerator 
for a one per cent change in the function appearing in the denominator. It 
should be remembered that these values vary somewhat with temperature. 
The numerical values may be calculated by the equations in Table III for 
any other temperature by using the proper values of the exponents ny, mg, 
etc., as given in Table II. 

In the example which we have chosen, we find from Table III that when 
(W) and (J) are held constant that dV/dd is equal to 

2ny tng 
[- any 


Substituting the numerical values of these exponents at 2400 deg., we have 
dv 


a —1.128 


i.e., if the diameter is decreased by one per cent there is a corresponding increase 
in voltage of 1.128 per cent. 
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Taste IV 
Relations between Variables for Non-Ideal Tungsten Filaments 
Value at i Value at | | Value at 
Constant d, /, V 2400 — Constant d, /, A 2400 | Constant d, I, L 2400 
| deg. K | deg. K |! deg. K 
dA —ny ! = qv ny | av 
ae pct ag. Oe ge = eee 1.338 |-zz | 0.5 
dL a aT 1 | da 
shoo ea — 2 -0. 
SF iota 170 | sean | | OS 0.5 
\ \ 
aT -1 as | aT 
7 Aa 0.170 Lal aw 2.24 az = 0.0 0.0 
t “ 
dA H dV 1 dV —(ny+np) 
BA =.0; 0 |2* =00 i: 00° Woe. wae —0.2 
dE, o : dEy 0 || dE, 2n, 8 
dL dL ! dA nR—nw 
= = 1, ‘ i —— = 1.0 -=— —0.167 
ae, = '° 10 | te 1.0 | dE, 2m, 
aT | aT dT 1 
—=.- = 0.0 0.0 —— = 0.0 00 = || = —- —0.095 
dE, || aE, | (dE. om 
y | M 
1 
dA ) dV nw+np | \ dv 
Ez, = 1.0 1.0 | dE, art cag: 1.677 GE, =0.0 | 0.0 
dL | dL Qn, | dA 
= = 0.0 0.0 =| =- —'! —6.00 ;-,— = 1.0 1.0 
dE, | 4Ea maw | } dE, 
aT ‘ dT 2 | aT | 
= = 0.0 0.0 —__- = - —0.568 |-- =0.0 | 0.0 
dE, | | dE, nRa-ny | i dE, 
dA np av | | av 
tite — 0:22:21 as fas en 0.34 | 2" 05 0.5 
dEy ny +p : 1 dEy np—Ny | Ew 
dL —n, | | dL n, | | aT 
ae = 1,790 || 2 = 7 —3.00 || 2-- =0.0 0.0 
dE, ny tng j 1 | dE, nR-ny \ dE, 
aT -1 ' | at 1: dA 
pk Ae ene = ej — 0.285] SO = 0.5 0.5 
dE, iginw 0.170 dE, fanny | 0.285 | dE, 
| = \- iF — 
d np—ny | av | | dV 
Packt ee Ww a Cade | |= - = 10 1.0 
age ee 0595 ae = 10 | 10 ir 
dL —2n, i dL | dA 
{le ER ai Se eb |.“ = 0.0 0.0 
aR, = nwing | 73957 | Gps = 0-0 09 | oR, 
aT -2 | aT | || aT 
Oe ee Sees 0. 8S 5 0) : = 0.0 0.0 
We ae 0.339 ar. 0.0 | 0.0 aR, 

















The problem which we have just considered deals with ideal tungsten fila- 
ments in high vacuum. 

Another case, which finds much use in practice, involves the derivative 
of some variable with respect to a change in the specific resistance, wattage 
emissivity, etc., when the length and diameter and one other function are held 
constant. This enables us to consider filaments which depart from the ideal 
conditions assumed previously. 
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Hence let Z = specific resistance 
E, = light emissivity 
E, = leakage current or error in current reading 
Ey = power emissivity 
. = error in length determination, or errors in volts, due, 
for example, to lead losses playing a role. 
Table IV gives the derivatives of the various functions with respect to 
another function when J, d and one other variable, such as V, A or L are held 
constant. 


Part Il 
Transient Phenomena in Heated Filaments Involving Changes in Temperature 
Large Displacements of Temperature 


(1) Time of Cooling.— Let us assume that we have an ideal tungsten fila- 
ment 0.01 cm in diameter operating at 2000 deg. K in good vacuum. By the 
function A’ we see that 


A = 1022x (0.01)? = 1.022 amperes 


is the heating current through the filament. Suppose we wish to know how 
long it takes the filament to cool from 2000 deg. to 500 deg. K on turning 
off the current. 

Since the time of cooling for an ideal filament in good vacuum is a function 
of the energy content, U, and the energy radiated, W, we may use equation 
(23) or column 15, Table I, to calculate this time in seconds. Hence from 
column 15 we see that 


(6914.6 —18.906) 0.01 = 68.96 seconds 


is time of cooling for an ideal filament of this diameter. 


(2) Sudden Heating of Filament.— Let us assume that we have an ideal 
tungsten filament 0.01 cm in diameter and 41.7 cm in length operating in 
good vacuum with 30.7 volts drop over the filament. 


Since V’ = vy¥a 


rT we calculate 


v= eee = 0.07375 volts cm-? 
From the function V’ in column 5, Table I, we note, therefore, that the 
filament temperature is 2000 deg. K. 
Suppose, now, we wish to heat the filament to 2800 deg. K by a sudden 
surge of energy, such as may be obtained by the discharge of a condenser or 
an inductance. We first inquire how much energy is needed. By equation 
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(21) the total energy U; of the filament is equal to U;/d?. Thus the energy in- 
crement between 2000 and 2800 deg. K by the data of Table I is 


(6610 —4320) 41.7 x (0.01)? = 9.53 watt sec. 


The energy of a charged condenser in watt sec. is }CV*, C being the 
capacitance in farads and V the potential in volts. ‘Thus, if we have a condenser 
of 10 microfarads charged to 1382 volts, the stored energy is 9.53 watt sec 
and this should be able to raise the temperature of the filament from 2000 to 
2800 deg. K. This may be accomplished by placing a large choke coil in the 
filament heating circuit and discharging the condenser directly across the ter- 
minal of the filament. 

The energy of an inductance carrying a current J is }LJ*, L being the 
inductance in henries. It is convenient to connect the secondary of a transform- 
er to the filament. Thus by interrupting a d-c. current through the primary, 
a current surge is generated by the secondary. 


Small Displacements of Temperature 


Consider a filament which at any instant is heated by an electric power 
input W,. The filament radiates the energy W, per sec. The wattage loss by 
conduction is W, and W, is the heat generated on the surface of the filament 
by positive ion bombardment or by a chemical action of the surrounding gas. 
Let H be the heat capacity of the filament in watt seconds per degree. A wire 
of length J cm and diameter d cm of metal of atomic weight M, atomic heat c, 
in cal. per gm atom and density 9 has a heat capacity 


4.185 ¢,nd?lo 
ee” aa 
For tungsten H = 0.3456c,d’I watt sec per degree. 
For a filament in the steady state, we have 
W.+W,—W,—W, =0 (44) 


If, however, a small or infinitesimal variation in temperature AT is made 
to occur, then we have 





watt sec per degree. (43) 























aw, aw, aw, aw, 
(w.+ aT ar) +(W.+ aT ar)—(m,+ aT ar)—(w.+ aT AT 
= = where t= time in sec. (45) 
But by (44) this becomes 
dW, dW, dW, dW, _Hd\nAT 
at af at aT di (0) 


In general, W,, W,, W, and W, are functions of the temperature and over 
even a fairly wide range of temperature each may be assumed to vary with a cer- 
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tain power of the temperature. These exponents we may designate by n,, 7,, 
n, and nq. 
Thus we may write 


W, = KT" where K is a constant. (47) 
Expressing logarithmically and differentiating, we obtain 


dW, nw, 

a7 T @) 
Letting x equal successively a, d, b and ¢ and substituting in equation (46) 

gives 

din AT 
dt 








n,W,+n,W,—n,W,—n,W, = HT (49) 
For small changes in temperature, 47, each of the derivatives dW,/dT 
and the quantity HT may be considered constant and thus from equation 
(49) we see that dln AT/dt is a time constant a which shows how the temper- 
ature of the filament varies after any change in conditions. 
By dividing equation (49) by HT we obtain 


n.Wo+ ngW,—n,W,—n.W, 








HT (50) 
where 
a= a (51) 


Integrating equation (51) gives 
AT = Aye (52) 
where A,, the constant of integration, is the initial temperature displacement. 

It is clear from equation (52) that if a is negative in sign the temperature 
returns to or approaches its stationary value according to this equation. 

If, however, a change is brought about in the conditions governing the tem- 
perature of the filament such that a as given by equation (50) is positive in 
sign, we see from equation (52) that the equilibrium is unstable and the tem- 
perature will either rise or fall indefinitely or until the temperature displacement 
is so great that equation (46) no longer applies. 


Examples Involving Small Temperature Displacements 


Change of Input Power 

Consider an ideal filament 0.002 cm in diameter and 35.1 cm in length 
operating in good vacuum with a constant drop of 100 volts over the filament 
so that it is, according to the data of Table I, at a temperature of 2400 deg. K. 
The current will be 0.1272 amperes. 
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Let the applied voltage now be suddenly raised to 105 volts and maintained 
constant at this new value. The question arises: How much will the filament 
temperature increase and how rapidly will it approach its new value? 

The temperature increase can be obtained from the function V’ in column 5, 
Table I, or from the semi-logarithmic plot of this function in Fig. 1. By this 
method we find that the temperature increases to 2440.1 deg. K. 

We may also calculate the temperature rise due to the increase of five per 
cent in voltage from the data in Table III. We note that when the diameter 
and length are held constant 


dinT 
dinv = 0.339 at 2400 deg. K 


Hence we have in our example 


o = 0.339 x 0.050 = 0.01695 
or dT = 40.7 degrees, which checks well with the above value. 
The current change corresponding to this change in temperature is given 
by . 
AA AT 
aie os 
where n,=2/(n,,—n,) and may be calculated from the data in Table II. Thus 
we find 
AA = 0.5725 x 0.0167 x 0.1272 = 0.00122 amperes. 


The new current value is, therefore, 0.1284 amperes. 

According to equation (52) the increase in temperature from 2400 deg. 
to 2440 deg. occurs gradually. To calculate the rate, we find the value of a by 
equation (50). In this equation, W,=0, W, = 0, and n,= n,,. Thus by equa- 
tion (44) we see that W, and W, are equal and are the same as the power 
input which is 105 x 0.1284 = 13.50 watts. Equation (50) then becomes 


W 
a= pp (—1,) 


Since W= V?/R and V is maintained constant at 105 volts during the 
time interval that the filament temperature is increasing toward 2440 deg. K, 
W varies inversely as R or n, = —ng = (—1.196) for this case. 

Similarly, from Table II, we see that ny = 4.69 at 2440 deg. K and by equa- 
tion (11), H = H’ld? = 4.06x 10-4 watt sec per degree. 

Therefore 


13.50(—1.196 —4.69) 
4.06 x 10-#x 2440 





80.2 


a= 
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Substituting in equation (52), we obtain 
AT = 40-802 
which may be written 
2.303 40 40 
t= 30.2 logio AT = 0.02770 logo aT 

Hence we may calculate the time necessary for the filament temperature 
to reach the values 2420, 2439 and 2439.9, t.e., dT = 20, 1.0 and 0.1 succes- 
sively, Thus we find that 

teyo9 = 0.00833 seconds 
tergg = 0.0443 seconds 
and toy39.9 = 0.0720 seconds. 

We have seen that since W= V?/R that n, = —ng when a filament is 
maintained at constant voltage. Similarly, since W = RI? it follows that n, = 
+n, when a filament is maintained at constant current. 

In general, if we have a filament of resistance R, heated by a current from 
a constant voltage source which passes through a resistance Rj, the exponent 
n, for filament input power is 


_,.| Re-k 
teehee [eae ~ 
From equation (53) it follows that if R,/R, is large, the circuit acts as a con- 


stant current circuit and nm, is approximately equal to +1.2, while if R,/R, 
is small the circuit is a constant voltage circuit and n, = —1.2 approximately. 





Transient Effects in Presence of Gas 


Temperature Displacements in a Hot Wire Pressure Gauge 

The changes in resistance of a heated filament caused by the cooling effect 
of gas is used in the Pirani-Hale® gauge to measure pressure. The time re- 
quired to take a reading with such a gauge depends on the rate at which the 
temperature approaches its final value after a displacement of temperature 
produced, for example, by a change of pressure. 

Let us assume that we have a tungsten filament 0.005 cm in diameter and 
10 cm in length operating at a temperature of 1050 deg. K in nitrogen at 400 
baryes pressure. The bulb temperature 7, we will assume to be 300 deg. K. 

Suppose now that while the filament current is maintained constant there 
is an increase in pressure sufficient to cool the filament from 1050 deg. to 
1000 deg. K. The question arises: How long a time will it take the filament to 
approach sufficiently near to the final temperature to permit an accurate pres- 
sure reading? 


® C.F. Hale, Trans. Amer. Electrochem. Soc. 20, 243 (1911). See also N. Campbell, Proc. 
Phys. Soc. London, 33, 287 (1921). 
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We have from equation (50), since W, = 0 
n,W,—n,W,—n.W, = aHT 
From equation (44), since W, = 0, we have 
W,= W.+W, 

By the condition of constant current, we have 

n, = +1.20 at 1000 deg. K. 
By Table II, 

n, = my = 5.65 and by equation (2), W, = W'Id = 0.0946 watts. 


The watts conducted in nitrogen at low pressure is given by equation (32a), 
te., 
Wi= a = 18.8x 10-* p(T—T,) 
whence we calculate 
W, = 18.8 x 10-* x 400 (1000 — 300) x 10 x 0.005 = 0.264 watts. 
Hence W, = 0.0946+0.264 = 0.359 watts 
Expressing equation (32a) logarithmically and differentiating we have 


dinW._ __ -T __ 1000 
dint — ™~ T—T,~ 1000—300 





= 1.428 


Substituting in equation (50), we obtain 


(1.20 x 0.359) —(5.65 x 0.0946) —(1.428 x 0.264) 
0.00055 x 1000 


0.431 —0.534—0.377 
0.550 


Substituting in equation (52), we have 
AT = 50 €- 0-878 











0.873 


which may be simplified to 


2.303 50 


50 
t= 0.873 Soar = 2.64 logio AT 


Solving we find 


E sec) AT T, 
1.052 . 20 1020 
1.84 10 1010 
4.48 1 1001 


Hence we note that under these conditions an accurate pressure reading 
could be obtained in approximately five seconds. 
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In a similar manner we have calculated a’, t, and S’ for several. other 
filament temperatures and nitrogen pressures. Table V gives some of the 
results which may be useful in designing Pirani-Hale gauges. 


Taste V 
Transient Effects in Resistance Manometers 





! | 


























1 2 3 ; 4 | s | 6 7 
T, deg. K Pu, a’ =ad AT Ao ti sec = t/d oie =-s 
500 0 j 0.000157 | 0.01 1.0 29,300 0.123 
500 | 10 | —0,000196 0.01 1.0 23,500 0.0553 
500 | 100 — 0.000792 0.01 1.0 5,820 0.00925 
500 500 —0.00145 0.01 1.0 3,175 0.00197 
800 0 — 0.00142 0.01 1.0 3,240 0.0178 
800 10 — 0.00144 0.01 1.0 3,200 0.0151 
800 100 —0.00177 0.01 1.0 | 2,600 0.00640 
800 500 —0.00318 0.01 1.0 1,450 0.00180 
1000 400 | —0.00437 0.01 1.0 1,055 0.00184 
1200 0 — 0.00830 0.01 1.0 555 | 0.00325 
1200 10 — 0.00823 0.01 1.0 553 | 0.00315 
1200, 100 | —0,00842 0.01 10 | 547 0.00245 
1200 500 — 0.00887 0.01 1.0 | 520 0.00124 
i | 1 





Column 1 gives the final temperature of the filament in degrees Kelvin; 
column 2, the pressure of nitrogen in baryes, while column 3 gives the func- 
tion a’ for a filament 1 cm in diameter. Columns 4 and 5 have been so chosen 
that the data on the time of approach (t’) in column 6 is expressed as the number 
of seconds required for the temperature to approach within 1 per cent of the 
final value after a small displacement of temperature has occurred. 

Column 7 gives the sensitivity (S’) of a constant current filament per barye 
of nitrogen. 

It follows that for any filament 


t=txd, (54) 


and a =a'/d where d is expressed in cm. (55) 


Instability of a Filament Heated by Ion Bombardment 


Let us calculate a for the case of a filament operating in ionized mercury 
vapor where the positive ion bombardment causes considerable heating. 

Consider an ideal filament 0.04 cm in diameter and 20 cm in length operat- 
ing at 2200 deg. K in mercury vapor at a low pressure. The filament will ra- 
diate (W,) 95.75 watts and the current will be 9.730 amperes. 

Let us assume that there is an anode in the tube at 100 volts positive with 
respect to the filament and that for every 10 electrons leaving the filament 
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there is one mercury positive ion striking the cathode with a kinetic energy 
corresponding to 100 volts. 

The energy delivered to the filament by one positive ion striking it is the 
product of the charge on an electron and the sum of the cathode drop (100 
volts), the ionizing potential of mercury (10.4 volts) minus the work function 
of the tungsten surface for electron emission (4.5 volts). Therefore, the total 
energy received by the filament from positive ions is 


W, = 0.1 (J) x 105.9 = 10.59 (I) (where J is the electron emission in amperes) 


Since I = I'ld we find that 
T2090 = 0.0417 x 20 x 0.04 = 0.0335 amperes. 
Hence 
W, = 10.59 x 0.0335 = 0.3545 watts. 


If we imagine that a temperature change has just occurred while the fila- 
ment current is maintained constant, which brings the tulament to 2200 deg. K 
as a steady value, we may determine whether the filament temperature will 
be stable by calculating a from equation (50). 

By the condition that we are operating in mercury vapor at a low pressure, 
we see by equation (31b) that we are justified in assuming W, = 0 so that 
equation (50) becomes 

n,W,+n,W,—n,W, = aHT 
Similarly, since W. = 0, we have from equation (46) 
W,+W,= W, 

By maintaining the filament current constant, we have n, = nm, = 1.19 
at 2200 deg. K. 

By equation (44) we have W, = W,—W, = 95.75—0.3545 = 95.39 watts. 

Also, we have n, = n, which is given in column 10, Table II. Thus n, = 
n, = 25.8 at 2200 deg. K. 

n, = ny = 4.81 at 2200 deg. and H = H'ld? = 2.76x20x1.6x 10? = 
0.0884 watt sec per degree. 

Substituting in equation (50), we have 


yw 1-19 x 95.39) + (25.8 x 0.3545) —4.81 x 95.75 
= 0.0884 x 2200 
113.5+9.15—460.5 
194.5 











— 1.730 


whence it follows from equation (52) that the filament temperature is stable 
under these conditions and the rate of approach to the new temperature is 
fairly rapid. 


20 Langmuir Memorial Volumes II 
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We have calculated a for different filament temperatures under the condi- 
tions previously imposed. 


T, a 
2200 —1.730 
2300 —1.91 
2400 —1.975 
2500 —1.82 
2600 — 1.193 
2700 +0.314 
2800 +3.425 


From a plot of a against T we find that a = 0 at 2680 deg. K. Hence at 
temperatures higher than this the filament is unstable and the temperature 
will rise indefinitely or until, because of a large temperature displacement, 
some factor not considered in our present theory limits the current. 


Transient Temperature Effects on Alternating Current 
Small and Rapid Temperature Displacement 


When a filament fis heated by alternating current* of frequency f, the 
temperature of the filament fluctuates with a frequency 2f. The temperature 
of the filament varies between the limits T—A and T+ A where T is the average 
temperature and A, the amplitude of the temperature fluctuation, is given by 


ee 0 
~ SnfHl  4nfdH’ 


W being the average power input in watts. 


(56) 


Appendix 


It may be of interest to analyze in detail the method suggested by Mr. H. M. 
Mott-Smith, Jr., to obtain the partial derivatives of lamp variables by means 
of matrices and determinants. 

Let W, R, L, T, 1 and d be lamp variables where 

W = watts 

R = ohms 

L = lumens 

T = temperature 
1 ‘= length 


d = diameter 


24 “The Flicker of Incandescent Lamps on Alternating Currents”, Langmuir, Gen. Elect. 
Rev. 17, 294 (1914). 
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The symbols W, R, L, T, 1, and d in bold-faced Roman type will now 
be used to represent the logarithms of these quantities. 

We have already shown that when we have added two conditions, we have 
five equations containing the above variables. These equations are 


W= AwtnyT+ 1+ d (38) 
R= AgtmT+ 1— 2d (39) 
L= A.+",T+ 14+ d (40) 

AwW+4,R +4,L +414 24,4 = C, (41) 

eyWt+eR+eLt+elted=C, . (42) 


Since we are to deal only with the total derivative of one variable with 
respect to another variable when two other variables are held constant, the 
constant terms in the equations become zero. 

A matrix may be formed from the coefficients of the variables in these 
different equations. Thus 





Ww RL T 1 d 
1 0 0 —ny —1 -1 
0 1 0 --np -1 +2 
M= 0 0 1 -my% -1 -1 ! 
Aw Ar AL 0 A da 
ew eR eL 0 €1 €q 








These remains only one degree of freedom and we can determine the deriv- 
ative of any variable with respect to any other variable. 

We may simplify the above matrix by the ordinary rules of determinants, 
eliminating columns and rows until there remain only the two variables of 
which we want the derivatives. An example will illustrate the method. 

Let us fulfil one of the conditions by postulating that the length of the 
filament shall remain constant. Then 4; =1 and Ay = 2, = 4, =2,= 0. 
Substituting in the above matrix, we have 


Ww R L T 1d 





1 0 0 -my -—-1 -1 
o 1 0 —-m, <-1 42 
M=| 0 O 1 =m, -1 -1 
0 0 0 0 1 0 
ew €R et 0 € eq | | = const. 





Since all the coefficients except one in the fourth row are zero, the matrix 
may be reduced by dropping the column and row in which this coefficient 


20° 
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occurs, the new matrix being multiplied by the value of this coefficient, i.e., 
unity 


WR L T 4d 





1 0 OO —ny -1 | 
M= 0 1 0 -—-np, +2 
0 O- 1 -—m -1 
| ew ER €L 0 €4 1 = const. 








Let us now fulfil the second condition by postulating that the volts (V) 
shall remain constant. Since (W+R)/2=V, we have the condition that 
€y =€,=1 and e,=e€,=0. Substituting these values in the above matrix 
and substracting column 2 from column 1, we obtain the matrix: 


w RL dT 4d 








| 1 0 0 —ny -1 

M= -1 1 0 —npR +2 
0 0 1 =n, -1 1 = const. 
0 1 0 0 0 V = const. 





The second column and fourth row may be eliminated from this matrix 
by the rule given above to obtain the matrix. 


w Ltt id 





1 0 —ny -1 
M=| -1 0 —np +2 
10 =n, -1 ! = const. 


V = const. 


The second column and third row may now be dropped to obtain the matrix 





WwW T d 

M= | +1 —ny -1 
ae | —np 42 1 = const. 
! V = const. 








If we now add row one to row two we obtain 








WwW T d 
| 0 -(matnr) +1 F.const, 
V = const. 





Column one and row one may be dropped from this matrix to give 


T d 


= const. 


u=| —(nwetma) td | 
V = const. 
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Whence we observe that when length (/) and volts (V) remain constant 
dT/dd = 1/(ny+n,) = 0.169 at 2400 deg. K. 

Similarly, we may reduce the original matrix until any two terms remain. 
In this case, the total derivative of the first term with respect to the second 
is always the quotient obtained by dividing the second term by the first term 
with its sign reversed. 
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THE EFFECT OF END LOSSES 
ON THE CHARACTERISTICS OF FILAMENTS 
OF TUNGSTEN AND OTHER MATERIALS 


With Saunpers MacLane and KATHARINE B. BLODGETT as co-authors 


Physical Review 
Vol. XXXV No. 5, 478, March (1930). 


Asstract. The leads of a tungsten filament in vacuum cool the ends of the filament and so 
affect the voltage, candle power, electron emission and other properties of the filament. For long 
filaments, where there is a central portion at a uniform temperature T7;,, the temperature distri- 
bution near the lead is derived. A method for determining To, the temperature of the lead-filament 
junction, is given. Tables and formulas are presented which allow ready calculation of the effect 
of the leads on the properties of any long tungsten filament for which the current and diameter 
are known. From the more general results it has been found that the decrease in voltage due to 
the cooling of one lead may be represented by AV = 0.154 (T,/1000) —0.081 (7,/1000)—2.1.10-* 
T,T,—0.056. There is an extension of the theory to cover the cases of filaments in gases, fila- 
ments of other materials, etc. 

Part II of the paper gives figures from which may be found the properties of filaments so short 
that the first theory does not apply. Some experimental checks of the theory are given. 


In general the results and the methods of application have been placed first, and the mathe- 
matical derivations have been placed at the end of each part. 


For a short filament with leads cooled in liquid air a negative slope of the volt-ampere charac- 
teristic when the central temperature is much smaller than 7,, is observed. 


Part I. The Long Filament 


THE EXTENSIVE use of tungsten filaments in research and industry makes 
it important to consider how the cooling effects of the leads influence the 
characteristics of such filaments. For wide ranges of temperature the charac- 
teristics of hypothetical filaments which are not cooled by leads may be found 
from tables of the properties of tungsten!~’. The magnitudes of the lead losses 


1 W. E. Forsythe and A. G. Worthing, Astrophys. J. 61, 146 (1925). 

2 C. Zwikker, Royal Acad. Amsterdam 34, No. 5 (1925). 

3-H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310, 354, 408 (1927). 
“H. A. Jones, Phys. Rev. 28, 202 (1926). 

5 I. Langmuir, Phys. Rev. 7, 154 (1916). 

* I. Langmuir, Phys. Rev. 7, 302 (1916). 

7 T. Langmuir, Gen. Elec. Review 19, 208 (1916). 
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have been evaluated experimentally’, * ® and by theoretical methods.’ It is 
felt that there is still a place for a systematic treatment which may be 
conveniently applied to a filament operated under any ordinary conditions." 

Temperature Distribution.— For most tungsten filaments the cooling effect 
of the leads does not extend appreciably to the central portion of the filament. 
The absolute temperature, T,,, of this portion may be calculated from the 
diameter of the filament and the current through it.1* The temperature of 
other parts of the filament is best expressed as a fraction, 0, of T,,. Thus 
6 = T/T,,, where T represents the absolute temperature of any point of the 
filament. 

We may consider the effect of each lead independently, since the two ef- 
fects do not overlap. Of fundamental importance is the variation of 6 with x, 
the distance from the lead. This is shown later to be governed by the equation, 


® = ad6/dx (1) 
where @ is a function of 9, and is given by Eq. (30). a is a parameter of the 
dimension of length, and depends on T7,, and the filament diameter D. a, 


the value of a for D = 0.01 cm (4 mil approx.) is given in Table I. a for other 
values of D may be found from 


a = a,(D/0.01)". (2) 


Tasre I 


Values of a, for Various Values of T,,. (For ‘a’ use Eq. (2)) 


























Tn(°K) a,(cm) Tn a Tn | a, 
600 5.84 1700 0.646 2800 0.275 
700 4.08 1800 =| (0.582, 2900 0.261 
800 3.01 1900 | 0.527 | 3000 0.247 
900 2.33 | 2000 0.481 3100 0.235 

1000 1.863 2100 0.441 3200 0.223 
1100 1.524 2200 0.406 3300 0.213 
1200 1.274 2300 0.377 3400 0.209 
1300 1.084 2400 0.351 3500 0.195 
1400 0.936 2500 0.329 3600 0.187 
1500 0.821 2600 0.309 3655 0.183 
1600 0.724 2700 0.291 | 
! i 





® A. G. Worthing, 7. Franklin Inst. 194, 597 (1922). 
* T. H. Amrine, Trans. Ill. Eng. Soc. 8, 385 (1913). 

1° A. G. Worthing, Phys. Rev. 4, 524 (1914); R. Ribaud and S. Nikitine, Ann. de Physique 7, 
5 (1927); V. Bush and K. E. Gould, Phys. Rev. 29, 337 (1927). 

11 |, Langmuir, Trans. Faraday Soc. 17, 634 (1922). See also references (7) p. 210, (6) p. 312, 
(3) p. 356. In these papers formulas for AV and AV are given. They were derived by methods 
similar to the ones used in this paper. 

48 Ref. (3), p. 312, Table I, column 4. 
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Integration of (1) gives 
6 
(x/a)p = J do/®. (3) 


The values of (x/a)% for various values of @ are tabulated in the second col- 
umn of Table II. Note that a is effectively a‘ unit of length. The symbol (x/a)?:, 
will in general represent the distance, expressed in a-units, from a point at 
temperature 6,7,,, to a point at temperature 0,7,,. To obtain distance in a-units, 
divide the distance x in cm by the value of a, in cm, found from Table I. 


Tase II 
Values of (x/a)3 and B(8,) 


For n> 4: B(0,) = (x/a)’*. For n = 1.2, see columns 3 and 6 














8 B(8o) 8 B(8o) 
9 | (w/a), ee 0 an 

0.0 0.000 0.000 | 0.7 0.7394 0.464 
0.1 0.0419 0.040 0.8 0.9766 | 0.532 
0.2 0.1110 0.102 0.85 1.1354 h 
0.25 0.1522 0.137 0.9 1.3592 0.598 
0.3 0.1974 0.172 0.95 1.7260 0.630 
0.4 0.2999 0.245 0.99 2.5535 0.654 
0.5 0.4200 0.320 0.999 3.7224 0.659 
0.6 0.5628 0.392 1.000 0.660 











The temperature distribution near a cooling lead is represented by the curve 
farthest to the right (labeled 0.995) in Fig. 2 (Part II). The increment in the 
abscissa (x/a)f from the ordinate 6, to ordinate @, gives the distance along 
the filament from a point at temperature 6,7,, to a point at temperature 0,7,,. 

In practice the junction of lead and filament will be at a temperature 
T) = @ T,,. The exact determination of this temperature is rather difficult. If 
the leads are short and fairly heavy we may assume 7, = T,, where T, is 
the room temperature. The error due to this assumption in the value of any 
filament-property for the whole filament computed by the methods of this 
paper will be less than 1 percent when the length of the lead is less than a cer- 
tain maximum length /,. We find that J, is given approximately by 


Jy = 0.32(x/a) (D,/0.1)2(4,/0.586)/A . (4a) 


A is the filament current in amperes and (x/a) represents the half length of 
the filament. D, is the lead diameter in cm. A, is the thermal conductivity 
of the lead in watts cm-! deg". For nickel leads A,/0.586 = 1, for tungsten 
leads 2,/0.586 = 2.73, for molybdenum 4,/0.586 = 2.49. 


** Such as the voltage or the candle-power of the whole filament. 
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Thus with nickel leads for which D, = 0.1 cm and / < 1.6 cm, used with 
a 20 cm filament of D = 0.02 cm for which the highest operating temperature 
is T,, = 2400° we may assume T, = Ty, since we find A = 4.02,*x/a = 20.2, 
and thence from Eq. (4a) 4, = 1.6 cm. 

For leads such as those used in incandescent lamps it is sufficiently accu- 
rate for many purposes to assume that T, = (1/4)T,,. 

If desired we may evaluate AT = T,—T, in terms of the lead length 1. 
We find that 

AT = 1-A(0.586/A,)(0.1/D,)?(AT»). (4b) 

(AT), is the value of AT for a nickel lead for which D, = 0.1 cnf, ] = 1 cm 
and A = 1 amp. It is given in Table III as a function of the value of T,, for 
the’ filament. Note that these values are for a filament of constant current, and 
hence that the diameter of a filament for which AT = (AT), is smaller for 
the higher temperatures in the table. 

The data from Table III are not dependable above 7, = 1000°, where 
radiation loss is appreciable, nor when the resistance loss in the lead is large. 


Taste III 
(AT), = Ty>—Tp for Nickel Leads when A =1, D, =0.1,1-=1 








Tn(PK) | (AT), | Tm | (AT) | Tn | (AT)o 
1000° 21° | 1800° | 45° | 2800° | 80° 
1200 26 2000 | 51 3000 87 
1400 32 2200 58 | 3200 95 
1600 38 2400 | 65 1 3400 102 

| | 
| \ 





The actual temperature distribution of the filament is given by (cf. Eq. (3)) 
t) 6, 
(x/a)?, = f do/G— f do/m. (5) 
0 vu 


To find the distance from the lead, x, of a point of known temperature 0, 
we may evaluate the two integrals above by means of Table II, and then ob- 
tain x from (x/a)?, by using Table I. Conversely we may find the temperature 
6 of a point at any given distance, x. 

By the use of data on the characteristics of tungsten filaments as functions 
of temperature,!? and from the temperature distribution along a filament as 
found above, the properties of the filament at each point can be calculated. 
For example, we can determine the electron emission, the radiated energy, 
the luminous intensity, et cetera, at each point. 


The Effect of Lead Losses on Filament Characteristics. — Many filament prop- 
erties which are functions of the temperature would be strictly proportional 
to the length of the filament if the temperature were everywhere uniform. 
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Let A be aquantity which measures some one of these properties per unit length 
at any given absolute temperature 7. For example, h may represent the voltage 
drop per cm or the electron emission per cm of length. Let h,, be the value of 
h at the temperature T,,. Nearly all the properties of tungsten which we shall 
need to consider vary in proportion to some definite power of the temperature 
over rather wide ranges. Thus we may put 


h = h,@" (6) 
n = (dh|h)(T/4T) (7) 
where n is. approximately constant. 
If a filament of length 2x were all at its maximum temperature T,, the value 
H,, of any property for the whole filament would be 
H,, = 2xh,,. (8) 
The cooling effect of the leads makes H, the actual value of the property 
for the whole filament, less than H,,. AH, the amount of this decrease due 
to one lead, may be thought of as the total value of the property over a short 
length of uncooled filament. Designate by AV, the voltage drop across this 
length. AV, is then the volt-equivalent of AH, and the fractional decrease 
of H,, can thus be expressed as a fraction of the total voltage V,, 
AV,|V,, = AH/H,,. (9) 
The ratio H/H,,is a measure of the extent to which the cooling effect 
changes the property. We have 
H|Hy, = (Hp—2AH)|Hy = (Vq—24V4)/Vn- (10) 
The factor 2 accounts for two leads. 
Taste IV 


1 
Values of B, = { (1—0")d0/® 
0 





























n B, n B, || n B, 
7 | 
1 0.583 9.0 1.626 20 2.032 
1,2 0.660 10 1.682 22 2.079 
2.0 0.882 11 1.728 24 2.124 
3.0 1.076 12 1.772 25 2.145 
4.0 1.217 13 1.813 26 2.165 
5.0 1.329 14 1.850 28 2.203 
5.1 1.339 15 1.885 30 2.238 
6.0 1.421 16 1.918 35 2.315 
7.0 1.500 17 | 1.949 ; 40 2.384 
8.0 1.566 18 | 1.978 \| 50 2.497 
19 2.006 60 2.589 





1 For values see Ref. 3, p. 354 Table II or Ref. 1, p. 153 Table I-B. 
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If V is the actual voltage drop (in volts) and AV the value which AH has 
when the property measured by H is voltage 


B/H,, = (V+2AV—2AV,)|(V+2AV). (11) 
It will be shown later that the value of AV, is given by 
AV, = 1.812 -10-57};3[B,—B(6,)] - (12) 


B, is given in Table IV. It is a function of , the temperature exponent for 
the property H in question. For n> 5, B, is given by the equation 
B, = 0.5170+1.1660 log,) 2—0.0591 /n+-0.2224/n?+ 
+0.0140/n?—0.468/n*+... (13) 
The coefficient of Eq. (12), 1.812-10-5735, is given in Table V. 
B(8,) in Eq. (12) is a function of 6). It is independent of n if n> 4 and 
6,< 0.5, and is given by 
n> 4,05< 0.5 B(o) = (x/a)%. (14) 


This value of x/a is to be taken directly from Table II for 6 = 6). For n = 1.2 
(the exponent for resistance and the only important small value of n) B(4,) is 
given in the third column of Table II. 


TABLE V 
1.812.107 73:3 








Tr 1812-107 nt? | Tn | 1,812.10-* 7, 
1000° 0.1439 ! 2300° 0.4250 
1100 0.1629 H 2400 0.4493 
1200 | 0.1825 i 2500 0.4737 
1300 0.2024 2600 0.4985 
1400 0.2229 | 2700 0.5236 
1500 0.2438 I 2800 | 0.5490 
1600 0.2651 2900 0.5744 
1700 0.2869 3000 | 0.6003 
1800 0.3091 i 3100 0.6266 
1900 0.3316 3200 0.6528 
2000 0.3544 3300 0.6797 
2100 0.3777 | 3400 0.7066 
2200 0.4011 3500 0.7337 
! 

















Since the current is constant, the voltage has the same temperature expo- 
nent as the resistance. Hence AV may be found from Eq. (12) by setting 2 = 1.2. 
In many cases to apply Eq. (11) it may be easier to find the theoretical voltage 
V,, = V+2AV directly from the resistivity at 7,, and the filament dimen- 
sions. The wattage input depends on the resistance of the filament and hence 
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AV,, in this case is to be found for n = 1.2. The wattage radiated on the other 
hand depends on n = 5.1 or thereabouts." 

Method of Application. — In finding the value of B, for Eq. (12) from the 
value of m, we notice that for most properties of tungsten is not constant as 
was assumed, but varies slightly with the temperature. We must take a mean 
value of , that is, its value at some effective temperature T,. This tempera- 
ture is roughly that at which h = h,,/2. This temperature and the correspond- 
ing value of n may be found directly.14 

As an alternate method to find T, we note that for some properties h may 
be quite accurately expressed as 


h=CT*e?'7, (15) 
Thus for candle power Wiens’ law (using a Crova wave-length) gives k = 0, 
b = 25,200°. The Richardson-Dushman equation for the electron emission 
from pure tungsten has k = 2, b = 52,600°. The rate of evaporation of a tung- 
sten filament is expressed by Eq. (15) with k = 0, b = 94,100°. Setting h = h,,/2 
in Eq. (15) and using Eq. (6) to evaluate the term in k, we find approximately 


b/T, = b/T,,+ [1—R/n] log, 2. (16) 
Differentiating Eq. (15) and comparing with Eq. (7) we see that 
n= k+O/T. (17) 


Hence from Eq. (16) and the values of the constants given above we obtain 
the following equations for effective values of n in terms of T,, 


candle power n= 25,200°/T,,+0.7 (18) 
electron emission n = 52,600°/T,,+2.6 (19) 
evaporation n = 94,100°/T,,+0.7. (20) 


The decrease in the rate of evaporation near the leads is ordinarily not a mat- 
ter of experimental interest, but under certain conditions its effects may be 
directly observed. Nitrogen or carbon monoxide in the presence of a tungsten 
filament at very high temperatures gradually disappears because every atom 
of tungsten which evaporates combines with a molecule of the gas to form 
a stable and non-volatile compound. Thus the rate of “clean-up” of the gas 
depends on the total amount of metal that evaporates. 

The direct application of Eq. (12) as outlined above is the most accurate 
method for the evaluation of AV,. In many cases where only approximate 
results are desired AV,, may be found from the following empirical equations, 
which were found to fit the data calculated from Eq. (12). The deviation from 
the results of Eq. (12) is less than the amount tabulated for the given range. 
The actual error of the results may in some cases be larger than this, due to 
approximations in the derivation of Eq. (12). 


1S Ref. 3, p. 312, Table I, column 5. 
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Taste VI 
AV, = P(T,/1000)—Q(T,/1000)—R volts 











7 7 
| | | Range— | Range— | R Max, 
His | P | Q R | ae | Ree ae | error 
| | Tm 1 To % | 
| | | (volts) 
Voltage* 0.154¢| 0.081¢ 0.056*| 1000—2500"| any values jot —0.5 | 0.004 





Candle-power 0.338 | 0.182 |—0.004 | 600—3500 300—1400° 0.1 —0.5 |) 0.01 
Electron emission ' 0.440 | 0.158 | 0.072 | 1000—3500 | 300— 900 |0.07—0.5 | 0.009 
Evaporation | 0.480 0.160 | 0.060 | 1500-3500 | 300— 900 lo.07—0.5 | 0.008 


Watts radiated | 0.293 | 0.160 | 0.084 | 1100—3000 | 300— 900 0.1 —0.4 | 0.01 








*For voltage (Watts input) a term —2.1. 10-*7,7;, is to be added to the right hand side of 
Eq. (21). 

In many cases with short, heavy leads T) = 300°. In these circumstances the following 
approximate equations hold. 


Taste VII 
AV, = P,(T,[1000) —S volts 








H is Po | Ss | Range— Ti, "Max. error (volts) 
Voltage 0.148 | 0.080 | 1000—2500 0.004 
Candle-power 0.338 0.051 | 600—3500 | 0.01 
Electron emission 0.439 ' 0.119 | 1000—3500 | 0.007 
Evaporation 0.477 | 0.103 1500—3500 | 0.001 
Watts radiated 0.287 | 0.121 1000—3100 | 0.01 





Computation of T,,. — If we know the diameter of a filament and the cur- 
rent through it, T,, may be obtained directly from Tables which give temper- 
ature tabulated against current divided by d®/?.1* 

If the diameter is not known, but if the length 2x is known, the voltage V and 
amperage A corresponding to the temperature we wish may be found. Assum- 
ing that} the filament is all at the maximum temperature T,,, we compute 
VA}'3/(2x) and find a first approximation for T,,.1* For this value of 7, there, 
is a certain voltage correction AV. This gives us a much better value, V+-2AV 
for the voltage if the filament were all at T,,. (V+2AV) A1/3/(2x) then gives 
us a second approximation for T,,. As many approximations as d2sired may 
be made. 


Shorter Filaments. — With shorter filaments the cooling effects of the two 
leads overlap, and the temperature at any point may be found approximately 
by adding the cooling effect of each lead at that point. With still shorter fila- 
ments these temperatures and the values of H/H,, found as above are in error. 
‘The amount of the error depends on n, the temperature exponent of the prop- 


16 Ref. 3, p. 312, Table I, column 6 gives VA'/*/(2x) as a function of T. 
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erty in question. Part II, Table X gives in column 2 the maximum value of 
the half length (x/a)§ for which the error in H/H,, is less than 1 percent. Column 
3 gives similar information for 5 percent error. For details see Part II. 


Derivation of the Equations 
The fundamental differential equation giving the temperature distribution 
near a cooling lead is*® 
A’r+ [A(d?T/dx?) + (da/dT)(dT|dx)?|\xD?/4 = w. (23) 


The symbolism is explained in Table VIII. The terms A’r and w correspond 
respectively to the rate of production of energy and the rate of radiation 





Tasie VIII 
Symbols 
A Filament current in amps | A Value of any property per 
D Filament diameter (cm) | cm of filament length 
D, Lead diameter (cm) | w  =h for power radiated 
1 Length of lead (cm) r =h for resistance 
x Distance along filament(cm) | v =h for voltage drop 
a Unit of length (cm) TableI | H Value of any property for the 
a a for D= 0.01 cm | whole filament 
sub m Value at the uncooled cen- | H,, Value of H if the whole fila- 
tral portion of the fila- | ment were at T,, 
ment V =H for voltage drop 
sub ¢ Value at the center ofthe | H, Value of H if the whole fila- 
filament (Part II) ment were at T, 
T Absolute temperature n Temperature exponent for any 
T, Room temperature property = d log h/d log T 
To = 9oT,, Lead-filament junction 0 =n for resistance 
temperature @ =n for radiation 
AT = T,—T, k =n for thermal conductivity 
2) = T/T, GS = ad6/dx 
(x/a)$: Distance in a-units from AV, see Eq. (12) 
point at 6, to point at 6, B, Table IV 
A Thermal conductivity of B,, Value of B, for w =5 
filament ; B(9) Table II 
AL Thermal conductivity of | t% = T,/T, 
lead 








of energy per unit length of filament, while the expression involving 4 corre- 
sponds to the net rate of conduction of energy into an element of the filament. 

An inspection of tables giving the characteristics of tungsten filaments as 
functions of the temperature shows that it is possible to express Eq. (23) in 
a much simpler form.’ 
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The resistance of a tungsten filament can be expressed quite accurately 
over a wide range of temperatures by the equation r = cT®, where c is a con- 
stant and 9 = 1.20 (for the range between 600°—3000°K). Similarly the radia- 
ted power may be expressed approximately by the relation w = c’T®, where 
w is fairly constant, having the values, 5.65 at 1000°K, 5.12 at 1700°, 4.93 at 
2000°, 4.71 at 2400° and 4.48 at 3000°. In the majority of experiments in 
which it is desired to calculate the cooling effect of the leads the temperature 
of the hottest part of the filament will probably be below 2400°. By averaging 
the values of this exponent from 2000° to 400°, weighing each in proportion 
to the corresponding value of w, the effective exponent is found to be 5.1. We 
shall, therefore, take this to be the value of w. Even at very high filament tem- 
peratures, where the effective exponent would be about 4.7, we shall see that 
the error made by using w = 5.1 is practically negligible. 

The heat conductivity of tungsten at temperatures from 1300 to 2500° 
has been given by Forsythe and Worthing.! It ranges from 0.93 watts cm™ 
deg-! at 1300° to 1.21 at 2500°. We find that the empirical equation 

A = 0.840(7/1000)"* (24) 
expresses the values of A at the 13 observed points given in their table (at 100° 
intervals) within an error of 0.0022 or about 0.2 percent. 

This equation is used throughout this paper. 

In the central uncooled portion w,, the power radiated per unit length, 
is equal to A?r,,, where 1,, is the resistance per unit length at this place. Since 
A is constant throughout the length of the filament, the temperature exponent 
of Ar is the same as that of r, that is ¢. Hence we can replace the first term 
in Eq. (23) by w,,6°%. Similarly w may be replaced by w,0%. From Eq. (24) 
we obtain the relation A = /,0°*, where A,, is, the thermal conductivity at 
temperature T,,. Using the values of 4 and dA/dT from this relation, we obtain 
from Eq. (23) 


d?6/dx?-+0.4(d0/dx)?/0 = (8%-°4— 92-04) /a? (25) 
where a is_a parameter defined by ; 
a? = cD, T,[40_- (26) 


We can replace w,, by its value v3/r,, where v,, is the voltage drop per cm 
at temperature T7,,. The factor r,,D? which then occurs in the equation is inde- 
pendent of D and varies as T}? (it is in fact the function R’ given by Jones 
and Langmuir).? Thus 

r,D® = 7.89 -10-°T1*, (27) 
From Egs. (24), (26), (27) 

a = 1.812-10-5713/u,,. (28) 
In computing a from this equation v,, was found from Tables of characteri- 
stics.18 Since v,, «D-1, we obtain Eq. (2). 
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In Eq. (25) set w = 5.1, 9 = 1.2 and substitute ® as defined by Eq. (1) 
for x 


 dH/dd+0.4D7/6 = 676°. (29) 

By taking as new variables ©? and log 6 this equation becomes linear and may 
be solved in the usual way to give 

@* = (3 —56**+ 26% 5)/6.50°%. (30) 

The constant of integration, 3, is fixed by the condition that d0/dx = 0, and 


therefore ® = 0 at 6 = 1, the center of the filament. 
For values of 6 close to unity (30) may be expanded in terms of Z = 1—6 


G? — 3.9Z? —4.81Z8+ 3.71524 —0.88862Z°+ 0.40682Z°+0.27Z7+ +++. (31) 
Temperature Distribution. When 6 S 0.6 the integral in Eq. (2) may be 
found by expanding 1/® in the series 
1/® = 1.4726°4[1+-(5/6)6**+-(25/24)65* 
——(1/3)0%5+ 1.44767 —(5/6)6°2+4 +--+]. (32) 
Integration gives 
(x/a)§ = 1.05146'4+ 0.306764+ 0.23230%* 
—0.062167°+-0.2316°* 0.117654 ---. (33) 
When 6 > 0.6 Eq. (31) gives 


1/ = 0.5064[1+0.6167Z+ 0.09412? —0.1809Z* 
: —0.227Z4—0.172Z5+ +--J/Z. (34) 


Integrating we obtain the indefinite integral, and find the integration con- 
stant by comparison with Eq. (33) at 6 = 0.6, where both series are sufficiently 
convergent to give results accurated to 1 part in 1,000 


(x]a)}-* = 0.2247 —1.1660 logy, Z—0.31232Z—0.023822 
+-0.03052Z2+0.0287Z*+0.0174Z5+ +++. (35) 


Column 2, Table II was calculated from Eqs. (33) and (35). 


Lead-filament Function Temperature.— The rate of flow of heat, Q, in watts, 
past any point of the filament is equal to the integral, from that part to the 
center, of the difference between the heat generated by resistance and that 
lost by radiation. 


O = axa f (00%) dojo) (36) 


Setting w,, = Av,, substituting for a from Eq. (28), and integrating} 
QO = (1.812 - 10-571:5)6.5-°-5(3 —562*+ 29%5)954 (37) 


where 9 corresponds to the temperature of the point in question. 
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For short fairly heavy leads at temperatures below 1,000°K the resistance 
loss and radiation loss in the lead are negligible. All the heat that flows into 
the lead from the filament must flow out at the cold end, which may be assum- 
ed to be at room temperature. Taking the heat conductivity of nickel leads 
as constant at 0.586 watts cm=! deg™}, the leads have a constant temperature 
gradient given by 


4,(dT|dl)nD3/4 = Q. (38) 


Consequently for the total temperature difference AT = 7,—T, for the 
leads we obtain 


AT = 410|(nDiA,). (39) 


Eqs. (37) and (39) give Eq. (4b) for AT in terms of (AT),. To find the latter 
we notice that the lead temperature 6, has little effect on Q. Setting 6) = 0.24, 
A=1,l=1, D, = 0.1, A, = 0.586, we obtain from Eqs. (37) and (39) 


(AT), = 145[1.812- 10-5733}. (40) 
Eq. (40) was used in conjunction with Table V to compute Table III. 


Filament Characteristics We have 
bar 
2AH = H,,—H = 2a f (hn —h) d6/®. (41) 
a, 


Applying Eqs. (6) and (28) and substituting for h,,/v,, the equal ratio H,,/V,,, 
where V,, is the voltage drop that would exist between the ends of the filament 
if it were all at the temperature T,, 
1 
AV, = AH(V,,/H,) = 1.812- 10-5713 f (1 —6") do/®. (42) 


AV, is a convenient symbol for the expression AH(V.,/H,,). It represents the 
voltage across a section of uncooled filament of such length that H,, for this 
section would equal the decrease caused by the cooling effect of the lead. 
The advantage of this nomenclature is that it requires no knowledge of fila- 
ment diameter or length. 


By breaking up the integral of Eq. (42) into 
1 
B, = f (1—6") oj (43) 
o 
and 
o 
BO.) = f (1—6") do/ (44) 
o 
we obtain Eq. (12). 


21 Langmuir Memorial Volumes I 
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In evaluating B,, we meet the difficulty that we must use two different 
series for 1/®, one for small and the other for large values of 6. Let 1/®, be the 
value of 1/® given by the first six terms only of the series in Eq. (32) and 1/®, 
by the first six terms only of the series in Eq. (34). We have 


0 <0<05 $=6, 
0.5 <0<0.65 6,=O=49, 
0.65 <0<1 b=. 


Since the series are equivalent between 0.5 and 0.65 we may put 
t 1 
B, = f (1—6")d0/0,4 f (1—6")d0/®, 
0 t 
where 0.5 <t< 0.65. A simple transformation gives 
t 1 
B, = f (1—6")(1/,--1/®,) d0+ f (1—0") d0/®,. (45) 


The value of 1/%,—1/®, is practically zero for values of 6 between 0.5 and 
0.65, and therefore the value of the first integral is not dependent on the actual 
value of t. Even at 6 = 0.1 the value of 1/6,—1/®, is only 0.117, but at 
6 = 0 it becomes 0.573. Thus the larger part of the first integral is for values 
of 6< 0.1. In this range 6" may be neglected in comparison with unity for 
all large values of n. Even if n = 1 the error in neglecting 6” will be small. 
Calling the first integral of Eq. (45) F,, we have 
t t 

F, = f do/®,— | do/®, 
0 0 (46) 

= (x/a)g— f d0/,. 

0 


Designate the right hand side of Eq. (35) by F,. From the derivation of this 
equation 


F,+C = f{ do/®, 


C being a constant of integration. Hence 
t 
fd0/®, = (Fat Ci=5 = (Fat Chic} = Fa(1—t)—F,(1). 
0 


But from Eq. (35) F.(1—t) = (x/a),. Hence from Eq. (46) 
F, = F,(1) = —0.0348 
the numerical value being found by setting z = 1 in the expression for F, 


in Eq. (35). Due to the definition of ®, this value is not affected by the miss- 
ing terms of the series. 
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Putting the value of 1/®, from Eq. (34) in the second integral of Eq. (45), 
we find : 


6 1 
B, = —0.0348+.0.5064 3” 4, f (1—6")(1—6)? *a0 
p=l 0 
where A,, Ay, As are the coefficients, 1, 0.6167, etc., in the series in Eq. (34). 
This reduces to 


1 
B, = 0.2247+0.5064 f (1—6") d6/(1—)—0.3123/(n+1) 
0 


—0.0477 [(n+1)(n-+2)]-2+.0.1833 [(n-+1) +++ (n-+3)}-#+++ (47) 


the coefficients of the next two terms being 0.6894 and 2.092. 
If n is an integer we have 


Sf (10%) do/(1—0) = 144+ 44h4-°° 41 ]n (48) 


and for other values of m the integral can be expressed in terms of gamma 
functions. For n = 1.2, its value is 1.1216. For large values of n the integral 
is given by the series 


Jf (1—6") d6/(1 0) = 0.57724 log, n+1/2n 
: —[12n(n-+1)}*—[12n(n+1)(n +2). (49) 


Inserting this value in Eq. (47) and expressing as a series in reciprocal powers 
of n we obtain Eq. (13). 

In computing Table IV for values of m less than 5, Eq. (47) was used but 
Eq. (13) was found more convenient for the larger values. 

To evaluate £(8,) we note that in general 6,< 0.5 and hence that for fairly 
large n the term 6” is negligible, and Eq. (14) holds. For AV, when n = 1.2, 
B(9o) for the third column of Table II was obtained by using the series expan- 
sions of 1/® given by Eqs. (32) and (34). 

Application under other Conditions.— For filaments in the presence of gas, 
or for filaments of materials other than tungsten there will be changes in the 
values used in Eq. (29) for w, @ and k, where k is the temperature exponent 
ot the thermal conductivity. By methods similar to the derivation of Eq. (30) 
we find that the general expression for ® is 


Gt = 29-*((1 —Ge+*+1)/(9 ++ k4+1)—(1—88***)(w+R+1)]. (30a) 


The integral B, in Eq. (12) may be found by numerical integration or by 
direct integration in some cases. Thus, when w+k+1 = 2(0+k+1), @ is 
a perfect square, and 


B, = (w—0)**{p[(n +k Io +k+1)]—vlR+I/et+k+)]} (50) 
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where (x) = dinI'x/dx is the logarithmic derivative of the gamma function. 
Table IVa gives some values of B, obtained in some of these ways. 


Tasie [Va 


1 
B, = { (1—6")d8/® for Various Exponents w, 0, k,n 
0 

















o i ) k n B, 
5.1 | 0.0 1.0 5.1 1.695 
43 \ 1.85 —4 20. 4.079 
6.0 | 1.0 | 1.0 1.0 0.371 
4.0 | 1.0 1.0 1.0 0.428 
4.0 1.0 1.0 5.0 1.118 
4.0 1.0 10 . 10.0 1.486 
4.0 1.0 1.0 20.0 1.871 
4.0 1.0 1.0 40.0 2.264 
3.8 | 1.2 0.4 27.2 2.522 





Data such as those in Table IVa show that the variation of B, with w is 
small and may be represented thus 


For n=0 B, = B,,[1+0.077(5.0—o)] (51a) 
For n = 20 B, = B,,[1+0.100(5.0—o)] (51b) 





WV A; 
Aut aca 
(A 2 


Fic. 1. Plot of B,,(@= 5) against g for constant k. 
Full lines n=. Dotted lines » = 20. 


08 


where B,, is the value of B, for w = 5.0. B,, may be found by these equations 
from tables of B, such as Table IVa. Fig. 1 is a plot of B,, as abscissa against 
g as ordinate for constant values of k. The full lines are for voltage correction, 
n =o. The dotted lines are for n = 20. 

The deviations of B, found from Fig. 1 from the value of B,, for the same n, 
found in Table IV may be expressed as a fraction, N, of the latter value. The 
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variation of N with n, for constant values of w, @ and k may be approximately 
expressed by 











N(n) = N(20)—a(20—n)[N(20)—N(e)}/(20—e) (51c) 
where 
n |e | s | 10! 30 | 40 
a | 1 | 0.42 | 0.27 | 0.15 | 0.11 





We may find B, for any exponents n, w, k and @ by finding N(20) and N(o) 
for the appropriate values of w, k and 0 from Fig. 1 and Eqs. (51a) and (51b). 
Eq. (51c) and Table IV then give the desired B,. 


Other Metals.— From Eq. (26) and the derivation of Eq. (28) we see that 
a= (an T,Ry |)” (28a) 


where R,, is the resistivity of the metal in question at the temperature T,,. 
We then have 


AV = (AnT..R, )*([B—B(40))- (12a) 


The Wiedemann-Franz law states that, at a given temperature, AR, and 
hence the coefficient in Eq. (12a), is approximately the same for most metals 
and alloys. This coefficient is thus given by 1.812: 10-5733 in Table V. Con- 
sequently the magnitude of AV, may be found for any metal which obeys 
this law with the help of Fig. 1 and the assumption that the change of /(9) 
is similar to that of By. 

End Losses from Filaments in the Presence of Gas.— Gas around a filament 
causes a loss of heat by conduction and increases the voltage required to reach 
a given T,,. Eq (12a) shows that for a fixed T,,, AV,, is the same for filaments 
in gas and vacuum except for the variation in the values of B, and A(,). The 
latter may be evaluated by considering the conduction loss to be part of the 
radiation loss w in Eq. (23). Thus if at 7,, the conduction loss is 1/4 of the ra- 
diation loss, and if the conduction loss varies as JT)?!” the effect on B, may be 
represented as a change in the effective value of w from 4.6 to 3,8, which by 
Table IVa means an increase of about 15 percent in the values of B, given in 
Table IV. In general the values of AV, for vacuum hold with fair accuracy 
for small gas pressures,” but the temperature distribution is altered. 

For new filament materials or other new conditions there will be no accurate 
knowledge of the filament characteristics and the temperature exponents 
for the application of the above method, which method nevertheless will, 
we hope, still be capable of indicating whether or not lead losses are important 
in any given case. 


17 These conditions are approximately those for a filament of 0.007 cm diameter at T,, = 


2900° in 10 mm of N;. See I. Langmuir and G. M. J. Mackay, ¥. Am. Chem. Soc. 36, 1717 
(1914). For larger filaments the conduction losses are relatively smaller. 
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Part II. Lead Losses in Short Filaments 


Temperature Distribution.— Shorter filaments do not admit the assumption, 
made for most of the results of Part I, that the central portion of the filament 
is not cooled by the leads. Even the calculation of temperature distribution 
by adding the effects of the two leads is not very good in these cases. Thus 
when x/a, the filament half length, is 1.53, for which the cooling effect of 
one lead at the other gives 6 = 0.994, the long filament case gives a central 
temperature corresponding to 6 = 0.85, while the true value is 6 = 0.8. Theo- 
retically the maximum temperature T,, can only be attained in an infinitely 
long filament (cf. Eq. (35)). A ‘‘short filament” is one for which this fact inval- 
idates the conclusions of Part I. 

Let T, be the actual temperature at the center of the filament, and let the 
larger value T,, still indicate the temperature of a hypothetical portion uncooled 
by leads as calculated from the current and diameter of the filament. Let 
9. = T.lTn 



















SENN 
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Fic. 2. Plot of (x/a)e against @ for constant values of 6. 


















Eq. (1) holds as before with a more complicated value for ®. If (x)¢e i is the 
distance from the center to a lead at temperature Ty = 6, T,,, we have, as “before 
8 
(xJa)ig—= J ao/@ (52) 
0 
a has the same values as before, and is given in Table I. 
Table IX gives the values of (x/a)ée for various values of 0,. Fig. 2 gives the 


plot of (x/a)fe as abscissa against 8 as ordinate, for constant values of 0,. The 
value of 0. for any curve is of course the intercept on the @ axis. These curves 
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are temperature distribution curves. Thus if 6, = 0.8 the curve with that in- 
tercept gives us the temperature (@) at any distance, (x/a)%, from the center. 
To find for any filament the value of 6,, we need know only one point on the 
temperature distribution curve. Thus for a filament of known length and of 
known lead temperature, a point having the coordinates (x)a)ee, 0) is deter- 
mined on the plot. This point lies on some temperature distribution (constant 
6.) curve—probably not one of these drawn. The value of 6, may readily be 
found, however, by interpolating between the two nearest curves. By contin- 
uing this interpolation down to the x/a scale, the value (x/a)% is found. This 
is the value that would obtain if the given filament were prolonged until its 
leads were at 0°K, and were left otherwise unchanged. If desired, (x/a)%e may 
be found from 6, by interpolating in Table IX. 

Of course the value of any property A at any point of the filament may be 
found by first finding the temperature at that point, then applying published 
data on filament characteristics.!* 


Taste IX 


Relation between the temperature T, =0,T,, at the center of a short filament with 
leads at °K and the length (2x) of the filament 














06 | (x/ a)%c | 0, (x/a)8e 6. (x/a)8e 

0.005 0.7325 0.4 1.2065 0.94 2.031 
OL. C.8262 0.5 1.2510 0.95 2.118 
03 0.9221 0.6 1.3077 0.96 2.225 
05 0.9704 0.7 1.3905 0.97 2.365 
A 1.0401 0.8 1.5280 0.98 2.565 
2 1.1154 0.85 1.6399 0.99 2.912 
3 1.1645 | 0.9 1.802 0.995 3.261 
0.92 1899 || = 0.999 | 4,074 








The Effect of Lead Losses on Characteristics.— If all the filament were at 
the actual maximum temperature, T,, the value H, of any property for the 
whole filament would be 

H, = hx = 2ah(x/a)%e. (53) 
h, is the value of the property in question for 1 cm of filament at temperature 
T,. The ratio of the actual value for the whole filament, H, to the hypothetical 
value is H/H,. The value of this ratio when 0, = 0 we designate as (H/H,)p. 
If n>4, H is independent of 0, for constant 0, for all the practical range. 
Hence, applying Eq. (53) 

H = 2ah,(x/a)%(H/H,)o- (54) 

H, and hence H/H,, is a function of n, the temperature exponent of the 
property in question. In Fig. 3, ordinates (H/H,), are plotted against abscissae 
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(x/a)ge for constant values of m (the full lines). The scale for (x/a)§e at the top, 
and the scale for 8, on the bottom may be used interchangeably. They cor- 
respond as in Table IX. 

For a given filament, knowing x, a, and 6, (x/a)%c is determined fet Fig. 2. 
Fig. 3 then yields (H/H,) for the value of 2 corresponding to the property in 
question. H may then be found from: Eq. (54). - 

For n <4, H is not independent of 6). For n = 1.2, the resistance-expo- 
nent, the dotted lines at the top of Fig. 3 give the value of H/H, (not H/H,)o] 
for constant values of t) = 0,/0,. Note however that this is still given in terms 
of the abscissa (x/a)é&. 

For values of x/a less than 1.0, and hence not in Fig. 2, H/H, is constant 
at the value for x/a = 1.0. 

It is to be remarked that for T,< 1000°K none of the given data apply 
accurately, nor is the temperature distribution accurate. This is because of 
the uncertainty in the value of 4 here. 





ll 





e 
a 
g 
g 

28 
P| 
2 
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Fic. 3. Full lines (H/H_-)» for constant n against (x/afe and 6,. Dotted lines 
H/H, for n = 1.2 constant tp» against (x/a)pc and 6. 


Limits of Long Filament Case.— Table X gives the smallest value of (x/a),. 
for which the errors in H/H, made in applying the long filament instead of 
the short filament case are less than the percentage at the head of the column. 
The errors of course depend somewhat on the value of n for the property under 
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consideration. A(-+) after the value of m indicates that the long filament case 
gives too large a value of H/H,, or of H; that is, too small a value of B,. In the 
neighborhood of n = 5 the sign of the error changes. For n = 1 (temperature 
distribution) the long filament case gives too high temperatures, even when 
the cooling effects of the two leads are added. 

Lead temperatures may be found with sufficient accuracy for most cases 
from Table III of Part I. For high accuracy or for very short filaments Eqs. 
(36) and (39) may be applied directly, using Eq. (55). 


Taste X 
Errors in H/H, made in assuming a filament to come under Part I. This table 
gives approximately the smallest value of (x/a)% for which the error made by 
that assumption is less than the percentage given at the head of the column 








n | 1 per cent | 5 per cent | n | 1 per cent | 5 per cent 
1.0(+) 1.9 | 1.6 10(—) 2.8 2.3 
1.2(+) ° 1.9 1.7 15(—) 2.9 2.6 

4+) 1.9 1.8 20(—) 3.0 2.7 

5(+) 1.6 1.6 30(—) 3.2 3.0 

-) 2.3 2.0 | 40(—) 3.3 3.0 





Computation of Temperature Distribution.— Eq. (30) holds with a new con- 
stant of integration determined by the condition @ = ad6/dx = 0 when 0=6, 
(the maximum temperature): 

1.3G? = 9-95 (62% 0.4685 —626+ 0.46%), (55) 

The integration in Eq. (52) is best carried out by series approximations. 

Case I. t = 0/0, is small 


(x/a)g = 0, f dx/®. (56) 


Expressing Eq. (55) in terms of t, then expanding 1/ by the binomial theorem 
and integrating the resulting series term by term 

(x/a)8 = 0.8144.A°569-4714[1+.0.175. Ar** 

+0.0795 A2r5? — 0.0354.463°ro54....] (57) 
where A = 1/(1—0.463*). 

In Eq. (57) t®? has been neglected. If 6 < 0.60, the error is less than 1 
per cent. If in this series we set 0, = 1, we get the series of Eq. (33) of Part I. 
Case II, o = 1—t = (6,—6)/0, is small and @, is also small. 

Eq. (55) may be expanded in terms of o to give 

@* = 261%o(1—63*)(1 —o)-°*[1 —0.80(1 —2.43868°) 

+0.160?(1 —24.7863-*) +.0.01609(1+22963)+...]. 
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Terms of the form (1—b63%)/(1— 6: ‘*) were expanded by the birtomial theo- 
rem, and 62° and higher powers neglected. Expanding 1/® and integrating 


(xiayie = 6, i do/® = 02(1+1/,03)(2c)"5[1 —0.3363% 
—0.0240%(1 — 1063*) — 0.00340°(1+-5.3863*)]. (58) 


This is accurate when of and 62° may be neglected in comparison with unity. 
At 6, = 0.56 this error is about 1 per cent. 


Case III. o is small and 6, large. 
Let z = 1—6 and z, = 1—0,. 2 and z, are both small. Expanding (55) by 

the binomial theorem 
1/H = 0.5064(1 —0.42—0.122?+ ...)(z?—2?)-°5[1+ 1.0167C,+-C,+...]. (59) 
where 

= (2 —22)/(2? 22) = 2[1+(1/2)(z,/2)?] 

C, = 1.5504C?—0.930 (24 —24)/(z? — 22) 

= [0.621+ 1.008(z,/z)?]2- 

substituting, multiplying Eq. (59) out, collecting like terms and integrating 





(x/a)Se = f dz/p = 0.5064(1+48522%) arc cosh (z/z,)+0.3123(z#—23)°5 


+0.2574z, arc cos (z,/z)-+0.02392(22—2?)°5 (60) 
This series is good if 6,=0.7; 6020.5. 
Case IV. 6, is nearly unity. 

We may choose z small enough for series (60) to converge, but at the same 
time much larger than 2,. The small quantity z, then has little effect on the 
integral from 0 to 1—z. To evaluate this integral we may neglect z, entirely 
and use Eq. (35) of the long filament case, which, by the choice of the integra- 
tion constant, gives the value of (x/a)3. z as chosen above is sufficiently small 
for this series also to converge. Adding Eqs. (35) and (60), expressing arc 
cosh (z/z,) as a logarithm and arc cos (z,/z) as a series, and remembering that 
2 is much larger than z,, we obtain 

(x/a)§c = 0.5757—1.16596 logy z,+0.4043z,+ 1.927. (61) 


The coefficient of the last term was chosen empirically so as to compensate 
for the missing terms. Note that the result is independent of the specific value 
of z, as long as it has such a value as to make the derivation valid. 

Thus we can obtain (x/a)§ by Case I and (x/a)%e by Case II or III. These two 
methods overlap in the admissible values of @ except for intermediate values 
of 6,, when neither Case II nor Case III is very good. Numerical integration 
was used for accurate results in this region. The value of (x/a)e may be obtain- 
ed by Case IV or by the formula 


(x/a)tc = (x/a)o-+ (x/a)ie- 
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Table IX and Fig. 2 were obtained by the atove methods. 
Filament Characteristics. Assuming as in Part I that the value of the prop- 
erty in question varies as the nth power of the temperature, we have 


H = 2h, { (T|T.)*dx = 2ahJ (62) 
where ‘ 
J = (1/62) f ‘pnd6/—(1 0") f 6"d0/®. (63) 
6 0 


If n > 4, 6" becomes rapidly smaller with decreasing 6. Hence we may 
neglect the second integral to obtain 
C 


J = (1/0) J oraojo. (64) 


From Eqs. (53) and (62) 
(A/H.)o = Il(x/a)ee. (65) 


There are two limiting cases to be considered. 


Case I. 6, is small. 
We may neglect 6,°° in Eq. (55). Introducing + = 0/0, we obtain from 
Eqs. (63), (53), (62), (52), and (55) 


1 
fert?4dr(1—2) 0.5 
A/H, = *—_—_- 

f r°4dr(1— 128): 05 
The value of 6, has cancelled out. If 7) = 6,/0, is held fixed, then H/H, is 
independent of 0,. Hence in Fig. 3 the values for x/a < 1.0 are the same as 
those given for x/a = 1.0. 
Case IT. 0, is large. 

As 6) approaches unity we get the transition from the short filament to 
the long filament case. When z, = 1—6, can be neglected entirely, Eqs. (64) 
and (43) give 

(x/a)ge—O7J = B,. (66) 
From Eg. (62) 
H = 2ah,(0"J). 
Thus when (66) is satisfied the value of H increases in direct proportion to 
the increase of length. This is because the central portion, to which the increas- 
ed length is added, is at practically constant temperature. 

The degree to which Eq. (66) is satisfied is a measure of the approximation 
involved in assuming that the filament is long. To construct Table X the true 
values of J as found below were compared with the value calculated from Eq. 
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(66). For » = 0 the short filament temperature distributions were compared 
with those obtained from the long filament case by adding the cooling effect 
of the two leads. 


Evaluation of J. —If 6, and hence D = 0.468°(1--0.46%°)-1 is small, we 
set y = (0/6,)?* in Eq. (64) and obtain, using Eq. (55) 








J = 081M(1/5.2)¥?(1—0.463-°)-¥2 (67) 
where 
1 
M = { y’dy(1—y)*"[1—Dy(1 —y*") (1) (68) 
0 
and n = 2.6p+1.2. M may be expanded as a power series in D 
M = G,+(1/2)G,D-+(3/8)G,D*+(5/16)G,D*+ «++ (69) 
where 
1 
Gy = f ry) (—y°9)(1—9)"Pdy. (70) 
i) 


Each of these integrals may be expanded in terms of u = 1—y, and then inte- 
grated by means of gamma functions. 


Gy = m(—1/2)n(p)/x(p+ 1/2) (71) 


_ 3n(=1/2)n(p+1) = 
GQ = ~~ IR(p+3/2) [1—(1/8)(p-+5/2) 


—(1/32)(—+5/2)(p+7/2)74+...] 


_ (= 1/2)n(P+2) 
Cy pS CUA) (2+722) 


—(1]64)(p+7/2)(p+9/2)24...] 


— 27n(—1/2)n(p+3) e 
G;= ~~ Sr(p+7/2) — [1—(3/8)(p+9/2)+ 
+(3/64)(p+9/2)(p4-11/2)44+ ...1. 
As 6, and D become larger the series of Eq. (69) does not converge rapidly. 
A better series may be obtained by setting 
M = G,(1—g,D—g,D*—...)-¥* (72) 


and determining the value of each g, in terms of the G,’s by expanding Eq. 
(72) and equating coefficients with Eq. (69). 

If 6, is very small, D may be neglected entirely. For the case n = 0, Eqs. 
(69), (71), (67) give 


J = (x/a)ge = 1.309(0,)°# (73) 


This is useful in determining the smaller values of Table VII. 
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When 0.9<6,<1 even series (72) does not give accurate results. The 
values of J here were determined by means of Simpson’s rule. The difficulties 
due to the infinite integrand at 9 = 6, were avoided by an integration by parts. 

If n is small, 6) may not be neglected as in Eq. (64). The most important 
case is m = 1.2 (the exponent for resistance). The values of J may be found 
from Eq. (63), the first integral being evaluated by the methods above, and 
the second integral by a series similar to that of Eq. (57). This holds over the 
useful range 6, < 0.66,. 

A similar method might be used for other small values of n. The calculations 
for the second integral may be simplified by neglecting 6°° in Eq. (55). At 
6) = 0.66, the error made thus is less than 3 percent for any short filament 
(6, < 0.94). Since this integral is a correction term, the approximation is justi- 
fied. By substituting: u = 1—0.463°—(6/6,)**, the integral is reduced to 
a form which may be evaluated in terms of elementary functions for » = 1.2, 
2.5, 3.8, 5.1 and 6.4. Interpolation may be used for intermediate values of n. 

For n 2 4 Eq. (64) is valid, unless high accuracy is desired. When n = 10, 
6, = 0.7, 6) =_0.5, the error is less than 1 per cent. 



































Fic. 4. Temperature distribution for filament L, D = 0.0256 cm, 2x = 
= 1.6 cm, wire aged throughout its length. Experimental and theoretical 
- Curves. 


Experimental Checks. — Several lamps were made up to test the short fila- 
ment theory by experiment. Filament L was a straight filament 1.6 cm long, 
D = 0.0256 cm, cut from a length of wire that had been aged 24 hours at 2400°. 
It was welded to nickel leads! 5 cm long, D, = 0.254 cm. The temperature 
distribution along this filament was measured by means of an optical pyrom- 
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eter mounted on a carriage that could be moved along a horizontal scale 
which gave the position of the pyrometer accurately to 0.001 inch. The pyrom- 
eter had previously been calibrated against a standard lamp. 

The curves in Fig. 4 show the temperature distribution for three different 
currents. The solid lines indicate the observed values, and a comparison of 
T, in each case with the corresponding value of T,, listed in the corner of the 
gtaph, shows that the center of the filament is greatly cooled by the leads; 
in other words, filament L is a “short filament.” 

The temperature distribution was calculated from the short filament theory 
and the results shown in the curves marked by triangles. In Curve 1 where 

| = 0.912 and 7,,—T, = 234°, the agreement with experiment is fairly 
good. In the more nearly extreme cases of Curve 2 where 9, = 0.836, T,,— 
T, = 408°, and Curve 3 where 6, = 0.687, T,,—T, = 725°, the tempera- 
tures given by the theory are too high. We attribute this departure from the 
observed values to an error in the value of 4 at the cool ends of the filament. 
The heat conductivity of tungsten is not accurately known at temperatures 
below incandescence, and if we have used values of A in this range that are too 
low, so that the calculated temperature gradient near the leads is too steep, 
the resulting 7, will be too high. An error from this source becomes important 
only when the short filament theory is put to the severe test of predicting 7, 
in cases where T, is much less than T,,. 

Since T, must be known before either the voltage or the candle-power of 
a filament can be calculated, the following empirical addition to the theory 
has been devised, to be used in those cases in which T, can be determined only 
by calculation. To compensate for the error that results from using values 
of A that are too low, we proceed as if the length of the filament were shortened 
by an amount Ax such that the heat loss by conduction will be increased above 
Q,, the value corresponding to 4, by an amount y = 4Q,Ax/(xD*). Q, is given 
by Eq. (37) which for 6) = 0.24 becomes approximately 


Q, = 0.6654.A0,(1.812 -10-5T2) (74) 


It has already been pointed out, in connection with the derivation of Eq. (40), 
that changes in 6, have little effect on the factor 0.6654. 6, supplies approxi- 
mately the factor by which Q, must be reduced when the integration in Eq. 
(36) is carried only to 6, instead of to 1. The term in brackets is given in Table V. 
Values of y derived from the data of Fig. 4 are given in Table XI. They were 
calculated using those values of Ax which made the theoretical and observed 
curves coincide at 1500°; the theoretical curves are indicated by crosses. yp is 
tabulated as a function of 7, since the error is greater at low lead temperatures. 





TaB_e XI 
T) = i 300° | 400° | 500° 600° 
Ree | 471 | 367 263 159 
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From Table V and Table XI one can calculate 
Ax = rD*y/(4Q,) (75) 


and subtract Ax from the actual half length x of the filament before calculat- 
ing T,. This correction applies to calculations of T, only, and the maximum 
values to be used are 0.15x for leads in air, and 0.22x for leads in liquid air. 

Fig. 5 is a plot of the volt-ampere characteristics of filament G, 1.928 cm 
in length, D = 0.0103 cm. The curves labelled air, using the bottom scale 
for voltage are for the bulb at room temperature, 300°K. The curves labelled 
liquid air, using the top scale for voltage, are for the bulb immersed in liquid 
air. 

The course of the liquid air observations for low voltages is interesting. 
For 450° < T,< 1200° and T,, = 2000°, the current decreases with increasing 
voltage. This phenomenon has been obtained with all short filaments which 
have been tried in liquid air. 





Fic. 5. Volt-ampere characteristics of filament G, D = 0.0103 cm, 2x = 
1.928 cm, wire aged throughout its length. Experimental and theoretical 
curves. 


Thus for one value of the current there are in some cases three possible 
values of the central temperature of the filament. With a low temperature the 
heat generated is small and so the small temperature gradient is sufficient to 
carry away the heat and maintain equilibrium. Likewise, with a higher central 
temperature the heat generated is greater and the larger temperature gradient 
is necessary to preserve stability. Hence it is possible that all three central tem- 
peratures may be stable. The phenomenon may be explained in more detail 
by assuming that below 1200° A is larger than the value given by Eq. (24). 
Analysis shows that the general form of Eq. (73), which gives (x/a)§- for small 
6,, is 

(z/a)ge x Og+k- 07, (73a) 


If k, the thermal conductivity exponent, is less than 0.2, then by Eq. (73a) 
the temperature distribution curves of Fig. 2 will cross near 6 = 0 and x/a = 1. 
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Thus (x/a)§e and hence also 7,, and A decrease with increasing 0, for small 
values of the latter. This is essentially the phenomenon observed above. 

To obtain the calculated voltages, marked by crosses on the curves in Fig. 5, 
a correction of 0.6Ax subtracted from x was found sufficient to compensate 
for the decreased voltage drop along the ends of the filament due to the lower 
temperature which we assume to exist in this region. Thus for n = 0, (temper- 
ature distribution) the correction is Ax; for n = 1.2 it is 0.6Ax; and for higher 
values of m no correction is needed. 

Example of the Calculations.— To illustrate the method of calculating lead 
losses, consider filament G running at a current of 1.295 amps. From 
D = 0.01030 cm we find D*? = 0.001045, A/D*? = 1239, thence T,, = 2222°02), 
Table I gives by interpolation a, = 0.400, whence, as DY? = 0.1015 we find 
from Eq. (2) that a = 0.406. To determine the lead junction temperature, 
we find in Table III that (AT), = 59° and hence with / = 5 cm and D, = 0.254 
em Eq. (4b) gives AT = 59°. Thus T, = 359°, and by interpolation in Table 
XI py = 410. Table IV gives (1.812 -10-57};3) = 0.4064, so that from Eq. (75) 
we have Ax = 0.100 cm if we put 6, = 1. The half-length x = 0.964, therefore 
x’ = x—Ax = 0.864. Dividing by a = 0.406 we have (x'/a)f = 2.128. Since 
T, = 359° we find 0, by dividing by T,,, and have 0) = 0.1616. We then find 
the point of coordinates 2.128, 0.1616 on Fig. 2, and drawing through it a curve 
parallel to the given curves we obtain the intercepts 0, = 0.959'® and (x’/a)$c"= 
2.220. Multiplying 0, by T,, we find T, = 2131°. 

Eq. (54) shows that the voltage of a short filament is given by 

V = A(H/H,)8xg./(xD*) (76) 
0, is the resistivity at T, and is 61.12-10-*-ohm cm". To find H/H, we must 
first obtain t, by dividing 359° by T, to obtain 0.168. From Fig. 3 for abscissa 
(x'/a)§e = 2.220 we find H/H, = 0.766. We substitute for x in Eq. (76) the 
corrected value x—0.6Ax = 0.904 and obtain V = 1.315 volts. The experi- 
mental value was V = 1.330. 
To find the candle-power we use Eq. (54) to give 
Candle-power = H, = 2aDCi(H/H.)o(x/a)ée (77) 
Cz, the specific candle-power of tungsten at T,, is found to be 47.3 inter- 
national candles cm-?“®), From Eq. (18) using J, instead of T,, we find the 
effective value of n to be 12.53. From Fig. 3 for abscissa (x’/a)$- = 2.220 we 
then find (H/H,), = 0.362. (x/a) is obtained from (x’/a)ge by multiplying by 
x/(x—Ax) to give 2.477. We thus obtain H, = 0.355 international candles. 
We did not measure the candle-power in this instance, but in other instances 
similar calculations of candle-power gave results that were in good agreement 
with experimental values. 


18 Where 4, comes out to be less than 0.95 it is well to substitute 0, equal to the calculated 
value instead of unity in Eq. (74) and thus arrive at a second approximation for Ax from Eq. 
(75). : 
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Discussion of Experimental Checks.— In ordinary practice the ends of a fila- 
ment are “‘unaged,” that is, they can never be heated to the temperature which 
a filament must once have before the properties become those of ‘‘aged” tung- 
sten. It is known® that heating tungsten wire for one minute to a temperature 
of about 1500° causes the cold resistance to be lowered 15 to 20 per cent, and 
presumably the heat conductivity would be increased at the same time by about 
the same amount. The filaments used for experimental checks were made 
from wire that had been previously aged throughout its length, in order to 
obtain uniform results, for the properties of unaged wire vary from sample 
to sample and depend on the history of the filament. It has been shown that 
in the case of aged tungsten the heat conductivity at the cool ends of the fila- 
ment is higher than the values used in the theory. But where the filament is 
unaged in this region, the heat conductivity is lower than in the case of the 
aged filament which tends to restore 4 to the values used in the theory so that 
in general the short filament theory may be used without the correction Ax to 
calculate lead losses from filaments that are made in the ordinary way. 


22 Langmuir Memortal Volumes II 
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THE DESIGN OF TUNGSTEN SPRINGS TO HOLD 
TUNGSTEN FILAMENTS TAUT 


With Katuarine B. BLopceETT as co-author 


Review of Scientific Instruments 
Vol. V, No. 9, 321, September (1934). 


IN EXPERIMENTS which involve accurate measurements of electron emission, 
etc., from heated filaments, it is often important to maintain a filament at a fixed 
distance from neighboring electrodes. The filament must then be mounted 
in such a way that expansion and contraction of the wire with changing temper- 
ature do not alter the position of the filament. Serious displacements will 
result from wrong types of mounting. For example, if a straight tungsten fila- 
ment is mounted when cold, and if each end is held in a fixed position, the 
expansion at 2400°K will bow the filament into the form of an arc which displac- 
es the central part by an amount equal to about 7 per cent of the length. This 
difficulty is commonly avoided by designing the filament in the shape of a hair- 
pin so that it is free to expand in the direction of its length. 

There are many cases, however, where the design of a tube calls for a straight 
filament (i.e., having leads at opposite ends of the tube) mounted in such a way 
that the filament shall never be displaced at right angles to its length by so 
much as a hairbreadth. It is then essential that one lead shall move so as to 
hold the filament taut whenever the filament expands or contracts. The desired 
tension is usually secured by making the lead in the form of a spring. The spring 
is elongated when it is mounted, so that both filament and spring are under 
tension in the completed tube. 

The importance of choosing a spring of proper dimensions and of mounting 
it under proper tension will be clear from the two following considerations: 

(A) The Filament. — A hot filament cannot withstand so much stress as 
a cold filament. Hence a spring which exerts too great a tension will stretch 
a filament excessively the first time the filament is heated to a very high tem- 
perature, thereby altering the diameter of the filament and weakening its struc- 
ture. 


(B) The Spring.— If the spring is stretched beyond the elastic limit for 
a cold spring, or if current passing through it when the tube is in operation 
heats the spring to so high a temperature that the strain exceeds the elastic 


[338] 


ved by (GO gle UNIVE 





Design of Tungsten Springs to hold Tungsten Filaments Taut 339 


limit for a hot spring, the spring itself acquires a permanent stretch. It will 
then no longer exert the desired tension and although it may still hold the cold 
filament taut, it will allow the filament to sag when very hot. 


Directions for Designing Helical* Springs 


The directions given here are based on experimental data and calculations 
which are analyzed in sections (A’) and (B’) of this paper. 

Proper design and mounting of a helical spring require a suitable choice 
of (1) wire size, (2) coil diameter, (3) number of turns, (4) elongation when 
mounted. For reliable results the spring should be fired at 1000°—1200°C 
in pure hydrogen before being mounted. 

(1) A tungsten spring is much weaker at temperatures above a faint red 
heat than at lower temperatures. Therefore, in order that the spring shall not 
become excessively hot when the filament is lighted, the diameter of the spring 
wire must be considerably greater than that of the filament wire. A diameter 
three times that of the filament is a suitable size; the 3:1 ratio has been employed 
in this laboratory for many years with satisfactory results. 

(2) (3) The choice of coil diameter and number of turns may be determined 
from the graph in Fig. 1. The values of coil diameter D refer to the mean diam- 
eter of the coil, that is, D is outside diameter of the coil minus spring wire 
diameter d,. A spring which has been fired at 1000°—1200°C in pure hydrogen 
may have any value of D that corresponds to the data in Fig. 1. If a spring 
has not been fired the choice of values of D in Fig. 1 is limited to values less 
than D = 73d, approximately, where d is the filament diameter. 

The number of turns, , given in Fig. 1, designates the minimum number 
of turns which should be used to support a given filament. There is no harm 
in using more than 2 turns, but never use so many turns that the spring tends 
to sag under its own weight. The data in Fig. 1 were calculated for filaments 
10 cm in length. For filaments of any other length, L, multiply the number of 
turns given on the graph by L/10. 

For example, a filament 0.010 cm in diameter and 10 cm long should be 
supported by a spring made of wire 0.030 cm in diameter. If the spring has 
not been fired, the coil diameter should be less than about 0.73 cm. The spring 
may then have 6 turns with a diam. 0.67 cm, 8 turns with a diam. 0.61 cm, 
10 turns with a diam. 0.57 cm, etc. If the spring has been fired, the choice also 
includes coils 0.77 cm in diam. wound with 4 turns, and 0.97 cm in diam. with 
2 turns. If the filament is 20 cm long, the number of turns should be doubled 
in each case. It is seldom practical to use less than 1} to 2 turns. 

Note. The data in Fig. 1 apply only to springs made of wire with a diameter 
three times the filament diameter. For spring wire of diameter k x filament diam- 


® The term “‘spiral spring’”’ is commonly applied both to springs with helical windings and 
to springs wound in flat spirals. The graph in Fig. 1 applies only to springs with helical windings. 
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eter, multiply number of turns by the factor (k/3)*. Thus when k = 4, multiply 
n by 3.16; when k = 5, by 7.72. 

(4) When a fired spring is mounted, it should be pulled out 0.20 cm when 
attached to a filament of straight tungsten wire 10 cm long. For other filament 
lengths the extension should be in proportion. This will allow for (a) expan- 
sion with temperature of 0.16 cm! between 300°K and 2900°K, and (b) a pos- 
sible permanent elongation of 0.0 to 0.04 cm when the filament is first heated 
to a very high temperature (‘‘flashed’’). 
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Fic. 1. Characteristics of helical tungsten springs designed to hold tungsten filaments 
taut. Use graph (a) when filament and coil diameters are measured in cm, use graph 
(b) when diameters are in inches, Calculated for filament of pure tungsten wire, length 
10 cm. For filament of length L, multiply » by L/10. Calculated for spring wire of 
diameter 3x filament diameter. For spring wire of diameter kx filament diameter, 
multiply » by (k/3)*. For limits imposed by spring strength, see Fig. 8. 


It is important that the filament be made perfectly straight before it is sealed 
into the tube; this can best be done by flashing the filament under tension in 
hydrogen. This precaution is necessary because, if the filament is not straight- 
ened before it is sealed into the tube, the tension of the spring will straighten 
the filament during the first flashing, and consequently the permanent elon- 
gation (b) may amount to 0.1 cm or more. This will give the result that a spring 
which was originally elongated 0.2 cm will be able to take up only 0.1 cm, or 


1-H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 354 (1927). 
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less, of slack when the filament expands, so the filament will sag at tempera- 
tures above 2200°K. 

Tests on springs which have been fired at high temperatures show that these 
springs often acquire a small permanent elongation the first time they are stretch- 
ed after being fired. The same force applied a second time produces no further 
change. Springs which have been fired should therefore be stretched once, 
before they are mounted, by an amount greater than the elongation which 
they will receive when sealed into a tube. The hydrogen in which springs are 
fired should be pure, for if oxygen or water vapor are present in the hydrogen 
the spring will become brittle. Springs fired even in pure hydrogen are more 
brittle than before being fired. The brittleness may, however, be greatly reduced 
while mounting the spring by handling the spring with hot pliers. Wind the 
handles of ordinary pliers with asbestos, and use the pliers at a faint red heat. 

A spring which has not been fired should be pulled out 0.4 cm for a filament 
length of 10 cm. In this case the filament should not be lighted until the bake-out 
of the tube is nearly completed; for a spring stretched 0.4 cm would exert 
too great a tension on a hot tungsten filament if it were not for the fact that the 
heat of the bake-out reduces this tension permanently. 


rT 


d 


Fic. 2. Device which indicates the amount by which a spring is stretched in the pro- 
cess of sealing a stem S to a tube 7. The diagram shows the position of the spring 
before tension is applied. 


In mounting a spring it is advisable to use a device of the type shown in 
Fig. 2 so that the spring may be pulled out accurately by the desired amount d. 
A wire W and a pointer P are attached to the lead B of the filament A in such 
a way that the tip of W is at a distance d in advance of the pointer when there 
is no tension on the spring. Then, when the stem of S is sealed into the tube T, 
S is pulled out while the glass is still soft until it draws the tip of W to a posi- 
tion opposite P, and the glass is allowed to cool with S in that position. The 
pointer P should be made as short as possible so that the tip of the pointer will 
not be appreciably displaced if the lead to which it is attached is rotated through 
a small angle. A slight rotation of the lead occurs if the spring is mounted in 
a position which is not in perfect alignment with the taut filament; for tension 
then tends to draw the spring into alignment by bending the spring around 
an axis perpendicular to the axis of the coils. 


Caution. Do not use a spring which is so closely coiled that adjacent coils touch 
each other. Such a spring may ruin a filament by causing the filament to be 
subjected to excessive stress, because springs are often wound in such a way 
that adjacent coils not only touch each other but actually press against each 
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other with considerable force. In such a case the force required to pull the coils 
apart so as to elongate the spring 0.2 cm may greatly exceed the force which 
would normally be required to produce the same elongation. It is good prac- 
tice to make the spacing between coils not less than the diameter of the spring 
wire, when the spring is free from tension. 


Springs which Serve Special Purposes 


(a) Delicate Filaments 

When a filament is made of fine wire of diameter less than 0.0025 cm, it 
is difficult to devise a helical spring which will exert so slight a pull that it will 
not overstrain the filament. Fig. 3(a) illustrates a type of spring which works 
well in the case of fine wires. The leads B of the filament A are made of wire 
flattened into a ribbon and mounted with the flat surfaces facing each other; 
0.08 cm wire rolled to a thickness of about 0.012 cm is a suitable size for holding 
a 0.0015 cm filament. Tension is applied to the filament by pressing the leads 
slightly toward each other as the filament is mounted. 


A & 
8 8} 8 
Giz) | BIs ‘ 
(754) 
(a) (0) (c) 


Fic. 3. Springs which serve special purposes. 


In designing a support of this type it is essential that the displacement and 
the stiffness of the leads shall be suited to the tension which the filament is 
capable of withstanding. The amount of displacement should be the same 
as the amount of elongation recommended for helical springs (see preceding 
section(4)). To give the leads this displacement, weld one end of A, to one of 
the leads and then cut A at such a length that the second lead must be moved 
toward A by an amount equal to the required displacement before A can be 
welded to it. 

The stiffness of the lead should be determined by the following method. 
Clamp one of the leads in a horizontal position, the clamp holding the end of 
the lead which is to be sealed to the tube. Attach weights to the free end and 
measure the corresponding displacements Y of the tip, and from these calculate 
the average value F/Y where Y is measured in cm and F is the applied force 
in grams. Where two identical leads are used to support a filament, as in Fig. 
3(a), a force F acting on both leads produces a total displacement 2Y. The 
stiffness of cach lead must then be such that 


(F/2Y)(L]d) 7.8 x 108 gicm?, (1) 
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where L and d are the length and diameter in cm of the filament to be support- 
ed. Eq. (1) gives the maximum stiffness which may be safely used. Leads 
may be constructed so as to have any desired stiffness, by altering the length 
or thickness of the lead wire, and it is usually advisable to chose a stiffness well 
below the value given by Eq. (1). 


(b) Heavy Filaments 


When a filament is made of wire of diameter 0.04 cm or more, the lead wire 
having a diameter 0.12 cm or more, the helical winding results in such a very 
stiff spring that it is preferable to wind the spring as a flat spiral rather than 
a helix. The elongation Y of the flat spiral per gram of applied force F should 
be measured by suspending weights from one end, and the dimensions of the 
spring should be such that 

(F/Y)(L/d?) =7.8 x 10° g/cm?. (2) 

There are cases where the diameter of a tube is too small to permit the use 
of a flat spiral and one has to use a helix. In these cases the stiffness of the helix 
may be lessened by using wire having a diameter less than three times the fila- 
ment diameter, and this is allowable provided that the helix is supplied with 
a shunt for current such as that shown in Fig. 3(b). A pair of flexible copper 
wires S shunt the spring B and take sufficient current from B to prevent the 
spring from overheating. A pair of wires placed opposite each other give far 
more satisfactory results than a single wire, since a single wire tends to push 
or pull the helix out of alignment. 


(c) Ribbon Filaments 


Filaments made of various types of thin metal ribbon, such as oxide-coated 
nickel ribbon, have very low tensile strength but carry a relatively high cur- 
rent. A tungsten helix that is heavy enough to carry the required current with- 
out becoming overheated is usually so stiff that it overstrains the ribbon. The 
combination of properties that is sought in this case can be secured by mount- 
ing a helical spring B with its axis at right angles to the filament A, as shown 
in Fig. 2(c). The stiffness of a spring in a radial direction? is given 
approximately by the equation 

radial stiffness 
axial stiffness 





= 0.55(D?/I2). (3) 


where / and D are the length and diameter of the helix. Therefore a spring 
1 cm long, with a coil diameter 0.5 cm, has only 14 percent as much stiffness 


2 Derived from Grammel’s equation [Zeits. f. Angew. Math. u. Mech. 4, 384 (1924)] for the 
bending stiffness a of a helix: 
a = (ath! /2rl,) (EG |(E + 2G)) 
where a = radius of wire, r = radius of helix, Ag = pitch of helix, J, = length of helix before 
bending, / = length of bent helix, E = Young’s modulus, G = torsional modulus. 
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when bent at right angles to the axis as it has when elongated in the direction 
of the axis. 


Note. This tyge of mounting is suited only to short filaments or to filaments 
which are operated always at low temperature, so that the expansion and con- 
traction of the filament with temperature cause little displacement of the spring 
at P. A wide displacement at P in an upward or downward direction must be 
avoided since P moves by bending the spring and this twists the upper end 
of the filament through a considerable angle. 


(A’) Filament Strength 


Tensile Strength of Tungsten Wire 

A number of investigators®-*:5 have measured the tensile strength of tung- 
sten wires at different temperatures. They find that the strength of cold, drawn 
tungsten wire is remarkably high, being higher than that of steel wire; but that 
after the wire has been heated sufficiently to recrystallize it into the equiaxed 


600 





RILOGRAMS PER CM? 








400 








200 





TEMPERATURE 
1800 2000 2200 2400 2600 2800 3000 3200 3400 


Fic. 4. Hot tensile strength of tungsten filaments. 











condition, its strength becomes much less. Fonda finds the tensile strength 
of cold, drawn tungsten wire to be about 41,000 kg/cm? (580,000 Ib. per sq. in.), 
and of cold equiaxed wire about 9800 kg/cm? (140,000 Ib. per sq. in.). The com- 
position of the wire also affects the tensile strength to a marked degree. Fig. 4, 
which is taken from Fonda’s paper,* gives the tensile strength of three dif- 


* G.R. Fonda, Gen. Elec. Rev. 32, 206 (1929). 

‘ F.S. Goucher, Phil. Mag. 48, 229 (1924); 2, 289 (1926). 

8 C.J. Smithell’s Tungsten, p. 121. 

* The pressures in Fonda's diagram are converted to the unit kg/cm? in Fig. 4. 
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ferent types of wire. The measurements were made by loading samples of wire 
with known weights and raising the temperature until the wire broke. The 
curves therefore represent the temperature at which a wire will break instantly 
under a given load; at somewhat lighter loads it will break after a few minutes 
at the same temperature. ‘‘218” wire was a wire developed because of its sag- 
resisting qualities; ‘“‘E”’ wire contained 1.5 per cent of thoria; Pintsch wire, 
a single crystal product, contained about 2 per cent thoria. 

In the present investigation we need to know the maximum tension which 
can be safely applied to a filament without affecting its “life,” rather than the 
tension at which it will break instantly. A hot filament that is not under tension 
has a life of a certain number of hours before burn-out, the life depending on 
the temperature, diameter and composition of the wire. Straining the wire 
tends to shorten the life to a greater or less extent; that is, if loads considerably 
less than those in Fig. 4 are applied to a hot filament, it may burn for 10 hours, 
but the 10 hours may represent only one per cent of the normal life when not 
under strain. 

The following measurements were made to determine the safe tension on 
a filament at 2630°K. A set of lamps were made, each having a hairpin filament 
of ‘‘218” pure tungsten wire, 0.01024 cm (0.00403 inch) in diameter, length 
of wire 15 cm. The load was applied by hanging a nickel weight from the loop 
of the hairpin by a slender hook attached to the top of the weight. The weights 
were carefully cleaned and were brought to red-heat in vacuum by high frequency 
current to rid them of gas. As an additional precaution each lamp was made 
with a charcoal appendix which was cooled in liquid air before lighting the 
filament. Unweighted filaments, run as blanks, were sealed into lamps which 
were identical with those containing weights. The filaments were aged by burn- 
ing at 2370°K for 24 hours; at the end of this time the voltage of each lamp 
was measured at 2650°K and the lamp was then run until burn-out, keeping 
the voltage constant at this value. All temperatures were determined by color- 
matching the filaments against a standard lamp. Mr. F. A. Benford made the 
color-match measurements in this laboratory. - 

A filament that is run until burn-out at constant voltage does not retain 
precisely its original temperature; as the diameter decreases the temperature 
falls slightly. If there is no elongation of the wire, the degree of cooling can 
be calculated from tables* which give the temperature when the current and 
voltage are known. Thus for filament No. 32,362 which was not weighted, 
and which ran for 138 hours at a constant voltage of 26.20 volts until burn-out, 
the current changed from 1.780 amp. at the start to 1.555 amp. at the end of 
115 hours. This corresponds to a drop in temperature from 2650° to 2614°K. 
For this reason we have termed the results measurements ‘‘at 2630°K.” 

The results of two sets of measurements are shown in Table I. 

The record of current for the second set of lamps appears in Table II. 


¢ H. A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 31 (1927). 
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Tasie I 


Life of weighted filaments of ‘‘218” tungsten wire at 2630°K 
Diam. = 0.01024 cm, length = 15 cm 





Load | Life 











Lamp 
(grams) (hrs.) 

1 H i) 106.7 

2 | 0 | 97.2 

3 ; 10 ; 31.6 

4+ 20 | weight broke filament before aging 

5 30 | 0.4 

6 40 | burned 0.1 hr at 2370°K 
32,325 0 102. 
32,362 0 F 138. 
32,288 10 111. 


32,287 20 0.75 





It is apparent from Tables I and II that the 20 g weight greatly exceeded 
the safe tension on these filaments and that the 10 g weight was at about the 
upper limit of safe tension. The conclusion with regard to the 10 g weight is 
in accord with a preliminary set of measurements made with weights of 2, 4, 
6 and 8 g which had shown that an 8 g weight was within the safe limit. A 10 g 
weight suspended from a 0.01024 cm hairpin filament gives a tension of 60.7 
kg/cm*. This is 15 per cent of the load of 407 kg/cm? which Fonda found to 
be required for instantaneous rupture of the same type of wire at the same 
temperature. (See Fig. 4.) 

The 0.01024 cm wire was the only size tested in this way; we have assumed 
that the safe loads on wires of other sizes is proportional to the cross section, 
an assumption which is sufficiently accurate for the purpose of this paper. 
Goucher’ found that the load required to fracture tungsten wires was accurately 
proportional to the cross section, in the case of single-crystal wires. 

Safe Tension on Filament Determines Design of Spring 

We have seen that as the temperature of a filament is raised and the length 
increases, the tensile strength diminishes. The graph in Fig. 5 shows the rela- 
tionship between the length and tensile strength of a filament of ‘‘218” tung- 
sten wire, the length at room temperature being taken as unit length (see tem- 
perature scale at top of Fig. 5). The curve “force for immediate rupture” is 
the same curve as ‘218 wire” in Fig. 4, converted from a scale of temperature 
to a scale of length. The dotted curve A, “15 percent of force for immediate 
rupture”, gives an estimate of the force that can be safely applied to a filament, 
derived from the results of the preceding section. This estimate, however, 
is undoubtedly too conservative at the lower temperatures. For example, the 


* F. S. Goucher, Phil. Mag. 48, 240 (1924). 
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force given by curve A could probably be safely doubled at 2000°K and the 
filament would still have a reasonable life, since the normal life of a filament 
at 2000°K is 70,000 times the normal life at 2630°K. 








15% OF FORCE FOR 
~ IMMEDIATE 
RUPTURE 





10 1.005 1.010 1.015 1.020 


Fic. 5. Properties of springs related to tensile strength of filament. A-curve represents 

safe tension on tungsten filament, ‘‘218” wire. Stiffness of spring is given by slope 

of B-lines and C-lines. Elongation of springs when filament is cold, (/)), is given by 
intercept of B-lines and C-lines on X-axis. 


The straight line C, in Fig. 5 represents a spring which is attached to a fila- 
ment to hold the filament taut; the spring contracts when the filament expands 
with rising temperature, and the reverse takes place when the filament is cooled. 
Therefore the elongation of the spring C, is zero when the filament has expand- 
ed to a length 1.0164 corresponding to 3000°K, and the elongation of the 
spring is 0.0164 when the filament has contracted to a length 1.0 at room tem- 
perature. For any of the lines C or B, the elongation of the spring for a given 
filament temperature is thus the distance along the X-axis measured from 
the point of intersection of the given line with the X-axis. 


Taste II 


Record of current for weighted filaments operated at constant voltage 








1 i Current (amp.) , | 
Lamp | Load (g); 0 hrs. | 21 hrs. ‘ i 67hrs. | 91 hrs. | 115 hrs. 
| | 35 hrs. 59 hrs, | | 








1.750 | 1.720 ' 1.680 | 1.660 | 1.601 | — 








32,325) 0 | 1.866 | 

32.362 | 0 | 1.780 | 1.690 ! 1.665 ; 1.639 | 1.620 | 1.587 | 1.555 
32.288} 10 | 1.777 | 1.685 1.660 | 1.630 | 1.605 | 1.570 | — 
32,287, 2000 L771 | | | | 


! | 





The stiffness of a spring is measured by the force F, which is required 
to produce an elongation L,. The stiffness of C, is therefore the slope of the 
line C,. The line C, represents a spring which has exactly the same stiffness 
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as C, but which exerts less force on the filament than C, for thé reason that 
the elongation of the spring is /, = 0.0148 instead of J, = 0.0164 at room tem- 
perature, and falls to zero at 2800°K. Similarly C, has an elongation of 0.0133 
at room temperature, and zero at 2600°K. The B-springs have one-half the 
stiffness of the corresponding C-springs; they therefore exert one-half as 
much force on the filament at any given temperature. 

In order that a filament shall not be overstrained, the force exerted by the 
spring must be less than the force corresponding to curve A. It is clear from 
Fig. 5 that the B-springs meet this requirement at every temperature, the 
C-springs meet it only at high temperatures. Moreover the B-springs would 
meet this requirement even if the initial elongation J, were as great as 0.0195. 
In the actual construction of a tube it is desirable to have as much leeway as 
this in the value of J,, for it is difficult to set a spring at a desired elongation 
with an accuracy within a few tenths of a millimeter. 

The slope of the B-lines has been chosen as the basis for the calculations 
given in this paper; it represents the maximum stiffness which a spring should 
have when attached to a tungsten filament under ordinary conditions. The 
slope has the value AF,/AL, = 10,000 kg/cm per cm? of cross section of the 
filament, for a filament of length 1.0 cm. For a filament of length L and dia- 
meter d, this becomes 


AF,L|AL, d? = 7.85 x 10° g/cm? . (4) 


Equations for Helices 

The stiffness of a helix is determined by the dimensions of the helix and 
the elasticity of the wire. The equation® giving the change in tension AF, 
which produces a change in length AL, of a wire helix is 


AF,JAL, = (E/8n)(3/D*) , (5) 


where n is the number of turns of the helix, D the diameter of the helix, and d, 
the diameter of the wire. E is the modulus of rigidity (also called ‘modulus 
of torsional elasticity”). The forces are torsional for the reason that an axial 
pull on a helical spring is opposed by a twisting force in the wire of which 
the spring is made. Other forces, such as bending forces, are exerted by the 
wire at the same time; these are generally small in comparison with the twisting 
forces and have been omitted from Eq. (5). 

Substituting the value of AF,/AL, given by Eq. (4), and, in accordance with 
Rule (1) for spring design, substituting 


eo (6) 
we obtain 


n = 1.29x 10 ° EL(d?/D*) . (7) 





® See textbooks on elasticity, e.g., J. Prescott, Applied Elasticity, p. 270. 
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Putting E = 1.4x10° grams of force per cm?, Eq. (7) becomes, 
n = 1810Ld?/D. ; (8) 


The graph in Fig. 1(a) was drawn to correspond to filaments for which L = 
10 cm, d and D both measured in cm. The equation of graph 1(a) is 


n = 18.1x 10°d?/D*. (9) 


The graph in Fig. 1(b) corresponds to filaments for which L = 10 cm, d and D 
both measured in inches. The equation of graph 1(b) is 


n = 7.1X10°d?/D* . (10) 


The value for the modulus of rigidity E = 1.4 x 10° grams of force per cm? 
substituted in Eq. (8) applies to tungsten wire which has not been heated above 
1200°C. It is known that E varies greatly with the grain structure and the tem- 
perature of tungsten wire. A new wire has a fibrous structure, but after it has 
been heated to a temperature in the neighborhood of 1300°C for a few minutes 
it becomes partially recrystallized or equiaxed. This change in structure gives 
to the equiaxed wire a greater rigidity than new wire, when the two are compar- 
ed at room temperature. Thus Schriever? found E = 1.45 x 10° g/cm? for 
a sample of 10-mil drawn tungsten wire and E = 2.21 x 10° g/cm? for the same 
wire equiaxed by prolonged heat treatment, both measurements being made 
at room temperature. 

In the present investigation E was determined for a large number of springs 
of various sizes, by hanging weights from the springs and observing the elon- 
gation with a cathetometer. The values of E for new wire were found to range 
from 1.30 to 1.50 x 10° g/cm?, and were not altered by more than 10 percent 
by firing the springs for one hour in pure hydrogen at 1200°C or lower tem- 
peratures. Heavy wire recrystallizes more slowly than fine wire, therefore a spring 
made of moderately heavy wire can be fired for one hour at temperatures 
higher than 1200°C before the value of E becomes greatly altered. A spring 
made of wire of diameter 0.026 cm was fired for 1 hour at 1500°C i1 pure 
hydrogen. The value of E, measured before the spring was fired, was 1.47 x 10°; 
after firing it was 1.54 x 10°, both measurements being made at room temper- 
ature. 


(B’) Spring Strength 


The calculations given thus far have been based on the maximum tension 
which may be safely exerted on a filament. In order to design a tube that can 
be operated as safely as possible, one would like to employ tensions less than 
this maximum value. Eq. (5) shows that the stiffness of a spring may be re- 
duced by increasing the number of turns or the mandrel diameter, or by decreas- 
ing the wire size. Under directions (2) (3) it has already been stated that 


* W. Schriever, Phys. Rev. 23, 255 (1924). 
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one may use more turns than the number given by n in Fig. 1. Changes in d 
and D must, however, be made with caution, for these changes may readily 
weaken a spring to such an extent that the applied tension exceeds the elastic 
limit of the spring. The considerations which must be taken into account 
when changing d, and D will be analyzed in this section. 
The strength of a spring (carrying capacity) is given by the equation 

= (7/8)S(@/:D), (11) 
where F, is the applied tension and S is the maximum shearing stress per cm? 
of the material. The strength of tungsten is greatly diminished when the tungs- 
ten is heated. Thus a spring made of new wire which has not been fired can 
support only 1/6th as much stress at 425°C and 1/20th as much stress at 727°C 
(1000°K) as it can support at room temperature. This is a factor of practical 
importance in the design of springs, since calculation shows that current pass- 
ing through a spring made of wire having a diameter d, = 3d may heat the 
spring to 1000°K when the filament is heated to 2250°K 








Na tiewortnco | Nor sear deco | 


TIME AT 425 °C (HRS.) 
a 10 20 30 


Fic. 6. Elastic strength of tungsten springs at 425°C. Springs made of ‘218” wire, 
d, = 0.026 cm, D = 0.43 cm. 


The strength of a spring at high temperatures may be greatly increased by 
firing the spring at 1000°—1200°C in pure hydrogen before the spring is 
mounted. Fig. 6 shows the results of a test made to determine the effect of 
firing a spring. Two springs were made of ‘‘218” pure tungsten wire 0.026 cm 
in diam., the coils having a diam. 0.43 cm. Spring No. 14-a was fired at 1225°C 
for one hour in a cylindrical furnace through which pure hydrogen was flow- 
ing at a steady rate, spring No. 18 was not fired. The strength of each spring 
was then tested using a method which was designed to correspond to the con- 
ditions which obtain when a spring is strained beyond its elastic limit by ten- 
sion exerted on a filament. Under these conditions the spring acquires a per- 
manent stretch which is just sufficient to reduce the remaining elastic stretch 
to an amount which the strength of the spring can support. 
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Taste III 
Elastic Strength of Tungsten Springs 





(1) | @ | @) & | (3) |) 











| No. | AL/AF, | lb | bk | Fei by ! 
Spring (mig) | (em) | (em) | (g) | (em) | della 
Before bake-out ; 22 | Fired 0.0065 | 0.265 | 0.251 | 38.6 |0.014 0.95 
| 23 Not fired 0.00625 0.290 | 0.156 | 25.0 | 0.134 0.54 
After bake-out | 22 0.0065 0.265 | 0.246 | 37.8 oor , 0.93 
| 23 1 0.00625 | 0.290 | 0.125 20.0 | 0.165 0.43 





I, = initial elongation, produced when spring is stretched as it is sealed into tube. 
1, = elastic elongation. 

lp = 1,—1, = permanent elongation. 

Springs made of ‘'218” tungsten wire, d, = 0.026 cm, D = 0.45 cm. 


The springs were tested at 425°C in an oven in which they were supported 
in a vertical position with leads extending through small holes in the top and 
bottom of the oven. The upper lead of each spring was clamped in a fixed 
position. A pan carrying weights was then attached to the lower lead and the 
elongation produced by the weights was accurately measured by means of 
a cathetometer focused on a small pointer attached to the lower lead. The 
tension F, exerted by the weights at the start of the test is shown in Fig. 6 
as the elastic force F, at zero time. The pan was then removed and the lower 
lead attached to a movable clamp which was lowered until it stretched the 
spring to exactly the elongation /, it had had when weighted. After a given 
interval of time, the lower lead was released from the clamp, the pan was again 
attached, and weights added until the spring reached its previous length J). 
The weights that were needed to bring the spring to this elongation were found 
to be less than Fy, showing that the spring had acquired a small permanent 
stretch. The process was repeated until the spring showed almost no further 
permanent stretch. 

The relative strength of the two springs is apparent from Fig. 6. Springs 
having the same dimensions as those used in the test, and not fired, supported 
a force of 90 g at room temperature. Preliminary tests had shown that springs 
which were not fired were overstrained at 425°C by forces above 20 g, there- 
fore the test on No. 18 was begun at 20 g. It is seen that the elastic limit of 
No. 18 at 475°C was in the neighborhood of 10 g, and of No. 14-a was 56 g. 

The results of this test were confirmed by another experiment in which the 
springs were mounted in vacuum tubes and tested under practical conditions. 
Two springs were made of ‘‘218” pure tungsten wire 0.026 cm in diam., the 
coils having a diam. 0.45 cm. Spring No. 22 was fired for one hour at 1200°C 
in pure hydrogen, No. 23 was not fired. The elongation corresponding to 
a given force was measured for each spring before the spring was sealed into 
a tube; the values of AL,/AF, thus obtained are given in Col. (2) Table III. 
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Each spring was then attached to a tungsten filament 0.0102 cm in diam., 
20 cm in length, and was sealed into a tube in the ordinary manner, the spring 
being stretched in order to draw the filament taut as the glass seal was made. 
Spring No. 22 was elongated by an amount J, = 0.265 cm when the seal 
was made, No. 23 was elongated 0.290 cm (Col. 3, Table III). The elonga- 
tion of each spring was determined by measuring with a cathetometer the dis- 
tance between two marks on the wire leads extending from opposite sides 
of the spring. The distance was measured before and after the springs were 
sealed into position, the elongation J, being the difference between the two 
measurements. 

The springs were tested by measuring the amount of elastic stretch /, that 
each spring retained after the tube was completed. This was done by raising 
the filament temperature until a temperature was reached at which the expan- 
sion of the filament exceeded the elastic stretch of the spring so that the fila- 
ment commenced to sag. The filament was heated by being flashed for so 
short a time that current passing through the spring did not have time to heat 
the spring to red heat, since in these tubes d, < 3d. As the filament was flashed, 
it expanded and the spring contracted, and the amount of contraction of the 
spring was measured. At low filament temperatures the spring contracted as 
much as the filament expanded, but as the filament expansion was increased 
the spring reached a limit of elastic contraction beyond which it would contract 
no further. This limit, /,, is given in Col. (4); it represents the total elastic 
stretch which the spring retained at the time the measurements were made. 
A limit of contraction /, = 0.251 cm means that the tension on the filament 
used in these tests fell to zero at a filament temperature 2760°K, whereas 
for ], = 0.156 the tension became zero at 1960°K. The force F, (Col. 5) corre- 
sponding to /, was calculated by means of the values of AL,/AF, in Col. (2). 
Col. (6) gives the permanent elongation J, = J, — /,. Col. (7) gives the ratio 
1,/l,3 that is, it shows how much the spring retained of its initial usefulness. 

The measurements recorded in Table III give the results of two sets of 
tests made on the springs. The first tests were made before the springs were 
baked in the standard manner for vacuum tubes, and the second tests after the 
bake-out. The tubes which were tested before the bake-out were evacuated 
and then were kept sufficiently free from water vapor by a charcoal appendix 
cooled in liquid air. Col. (7) shows that spring No. 23 retained only 54 per cent 
of |, as elastic stretch after it was sealed into the tube; presumably the heat 
of the sealing-in process weakened the spring to such an extent that it was not 
able to withstand the applied tension. After the tube was baked for one hour 
at 500°C the elastic stretch was found to have decreased further to 43 per cent. 

Spring No. 22, on the contrary, retained 95 per cent of J, as elastic stretch 
before the bake-out and 93 per cent in the completed tube. 

A further experiment was made in a similar type of vacuum tube, in order 
to measure the elastic limit of springs at various temperatures. This experi- 
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ment was made only with springs that had: been fired for one hour in pure hy- 
drogen. The spring to be tested was attached to the loop of a hairpin filament 
by a hook through the loop. The value of J, was determined by raising the fila- 
ment temperature until the limit of contraction of the spring was reached, as 
in the preceeding experiment; but by using a filament having two leads it 
was not necessary to pass filament current through the spring, so the danger 
of overheating the spring with the high currents needed for this part of the 
test was avoided. 

The test consisted in heating the stretched spring to 800°—1000°K (527°— 
727°C) for a given length of time, and observing the resulting decrease in /.. 
The spring was heated by current passing through the spring and through 
both legs of the filament. In order to determine the temperature of the spring 
it was necessary to measure the current required to bring the spring to 1000°K 
by matching the spring in a dark room to a filament known to be at 1000°K. 
In the case of springs one cannot rely on calculations derived from tables*® 
which give the current corresponding to a given diameter and temperature, 
for the tables apply only to tungsten that has been brought to a standard con- 
dition by heat treatment at 2400°K or higher temperatures. When the current 
at 1000°K is known, however, the current for temperatures within a few hundred 
degrees may be calculated by applying the observed correction for the emissiv- 
ity of tungsten to the data in the tables. 








Ea Se 
[Lowe wel || 
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Fic. 7, Elastic strength es tungsten springs which were fired in Sizes No. 28 fired 
at’ 1200°C, 1 hour; No. 29 fired at 1000°C, 1 hour. Springs made of ‘‘218” wire, d, = 
0.0254 cm, D = 0.411 cm. 


The results of the tests are shown in Fig. 7. The spring to be tested was 
heated for an interval of time ¢, under a known tension Fy. The tension was 
calculated from the observed values of J, and the value of AL,/AF, for the 
spring in question. The value of AL,/AF, measured at room temperature was 
used for all the calculations; actually the stiffness decreases by a few per cent 
when a spring is heated to 1000°K, due to a decrease in E (see Eq. (5)). The 


23 Langmuir Memorial Volumus II 
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change in E was not measured in these tests. The data are presented in the 
manner described for the reason that they are intended for use in the design 
of springs, and a percentage change in E will affect the stiffness of the springs 
designed from these data in the same way that it affected the springs from 
which the data were derived. 

The temperature of the spring during the time that F, was applied is shown 
on the curves in Fig. 7. The total emissivity of the wire in spring No. 28 was 
found to be 1.26 times the normal total emissivity of tungsten wire, and conse- 
quently the spring was heated with currents (1.26)' = 1.12 times the normal 
heating currents for tungsten at the same temperature. The emissivity changed 
to 1.18 times the normal emissivity during the course of the test; as the emis- 
sivity was measured only at the beginning and the end of the experiment this 
change had the effect of gradually raising the temperature of the spring above 
the temperature at which it was supposedly fixed. For this reason the last 
part of the test on spring No. 28 has been marked 1000°K—1015°K. Spring 
No. 28 was fired at 1200°C; No. 29 at 1000°C. Spring No. 29 had normal 
emissivity. 

Spring No. 28 was elongated initially by an amount /, = 0.380 cm, cor- 
responding to Fy, = 106 g. Spring No. 29 was elongated 0.360 cm, Fy = 96 g. 
In each case Fy was made greater than the tension which it was expected the 
spring could withstand during the bake-out of the tube, in order to measure 
the amount of elastic stretch which it retained after the bake-out; this amount 
is F, at t= 0 in Fig. 7. . 

Since the current through the spring passed also through the filament, 
the filament temperature was raised every time the spring temperature was 
raised. The filament therefore exerted less tension on the spring simply because 
of having expanded a short distance with the increase of temperature. This 
accounts for the discontinuous drop in force that appears in Fig. 7 at each change 
in temperature. The data give the result that a spring fired at 1200°C can 
withstand rather greater tension than one fired at 1000°C. The difference in 
merit between the two firing temperatures is of small importance, however, 
in comparison with the very great difference between a spring which is fired 
at one of these temperatures and a spring which is not fired at all. Tests made 
in a hydrogen furnace at 1000°K on a spring which had the same dimensions 
as the springs in Fig. 7, but which was not fired, showed that the spring was 
perceptibly overstrained by a 3-gram weight. When a 6-gram weight was hung 
from the spring it stretched the spring far beyond its elastic limit at a con- 
tinuous and fairly rapid rate. 

The springs represented in Fig. 7 had the dimensions d, = 0.02545 cm, 
D = 0.411 cm. If the safe force on a spring of these dimensions at 1000°K 
is taken to be 30 g, from Fig. 7, we obtain a value for S in Eq. (11), S = 1.9x 
10® grams of force per cm?. These tests have not been repeated for springs 
of other dimensions. 
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In Fig. 8 two values of S are applied to the data of Fig. 1 to show how the 
range of D, d and n given in Fig. 1 may be limited by spring strength. The 
series of parallel lines n = 1, 2, etc., is reproduced from Fig. 1(a). The blank 
area represents fired springs which are too weak to exert continuously the 
necessary tension; the dotted sections of the lines n = 1, 2, etc., refer in the 
same way to springs which have not been fired. It is seen that when springs 
are fired all values of D, d and n which are commonly used lie well within 
the safe limit of spring strength, but for springs which are not fired a certain 
range of values is ruled out. The equations for the two heavy lines (I) and (II) 
are derived as follows. 
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Fic. 8. Limits imposed by spring strength on data of Fig. 1(a). 


Assume a value L, = 0.07 cm for the elongation of a spring at 1000°K 
(filament temperature T = 2250°K), supporting a filament 10 cm in length 
(see Fig. 5). Combining this value with Eq. (11) we have 


F JL, = (r/0.56) S(d3/D). (12) 

Putting F,/L, = AF,/AL, in Eq. (5), substituting E = 1.4 10°, and combin- 
ing Eqs. (5), (6) and (12), we obtain 

n = ((9.36 x 10*)/S)(d/D*). (13) 


This equation® gives the characteristics of springs which are at the limit of 
elastic strength when elongated 0.07 cm at 1000°K 

In order that values of D and d shall satisfy the requirements both of fila- 
ment strength and of spring strength, they must satisfy Eq. (9) and Eq. (13). 
Solving Eqs. (9) and (13) for D/d, we obtain 

é D|d = 1.93 x 10-48, (14) 

* Eq. (13) may be represented by a family of curves which are not shown in Fig. 8, each line 
corresponding to a single value of n. Springs designed with values of D and d which fall in the 
region lying to the left of one of these lines will be strained beyond their elastic limit by the con- 
ditions which have been assumed. 
23° 
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which represents the safe upper limit for values of D/d. Placing S = 1.9x 10¢ 
for a fired spring we have the equation of line (I) in Fig. 8, 


D[d = 367. (15) 


If we estimate from Fig. 6 that the value of S for springs that are not fired 
is 20 per cent of S for fired springs, we have for line (II) 


Did = 73.4. (16) 


Fig. 7 shows that the safe force on a spring at 900°K is approximately 60 per 
cent greater than at 1000°K, so a value D/d = 115 may be used in cases where 
a spring will not be heated above 900°K. (See discussion of Table IV.) 

The permanent stretch of a series of springs which were not fired was tested 
at various temperatures by hanging weights from the springs and observing 
the rate at which the springs were stretched beyond their elastic limit. The 
tests showed that these springs readily acquired a small permanent stretch 
when a weight was first applied, but that the rate of stretching soon decreased 
or stopped entirely. For this reason it is advisable when mounting a spring 
which has not been fired to give the spring an initial elongation J, greater than 
the value recommended for fired springs. The value J, = 0.4 cm, for a filament 
length of 10 cm, is the elongation commonly used in this laboratory under 
these conditions. The tests recorded in Table III show that a considerable 
amount (/,—I,) of elastic elongation will be lost during the process of building 
the tube, so that the completed tube will retain only the value of J, correspond- 
ing to the elastic limit of the spring at the sealing and bake-out temperatures. 
Therefore if the filament is not flashed till the bake-out is nearly completed, 
the hot filament will not be subjected to the excessive strain corresponding 
to the initial J. 

When d, is decreased to d,< 3d, one must estimate the temperature to 
which the spring will be heated by current passing through it. It has already 
been pointed out that when d, = 3d the current which heats the filament to 
2250°K may heat the spring to 1000°K. This occurs only when the spring 
wire radiates heat at a rate corresponding to the total emissivity of a clean 
tungsten surface, and when the leads of the spring are so long that the spring 
is not cooled by conduction to the leads. If the emissivity of the spring wire is 
high, or if the leads are short, the temperature of the spring will be lower than 
the temperature calculated from the diameter of the wire and the current. 
One may take advantage of these properties in order to maintain the spring 
at a temperature less than 1000°K. The effect of the leads in cooling the spring 
can be calculated.* The emissivity is ordinarily higher than the value for clean 
tungsten, due to the tarnish left on the spring by the heat used in glass-blow- 
ing. The emissivity may be greatly increased by spraying a spring with a mix- 
ture containing one part Aquadag (a preparation of finely divided carbon), 
two parts alcohol, three parts water. The spring should be heated to about 
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80°C while it is sprayed so that the Aquadag dries on the surface at once; 
this may be done by laying the spring on a hot-plate. 

The total emissivity of clean tungsten is e = 0.12 at 1100°K; the emissivity 
of tungsten coated with Aquadag is approximately « = 0.6. Table IV* gives 
the temperature which tungsten wire will have for various values of e, when 
operated at the current which produces a temperature of 1100°K when ¢ = 


0.12. 


Taste IV 


Change in temperature of tungsten wire with change in total emissivity 
at constant current 





‘ 012 | 182 | 0292 | 0496 | 0.928 
T 1100°K | 1000" | = 900° |= 800° 700° 


The writers are indebted to Mr. W. A. Ruggles and to other members of 
the Research Laboratory staff who have given practical suggestions which are 
included in this paper. 


® Calculated from W’ and R’ given in tables* by means of the equation 
Wirove 4 ae Wy 


Rie 0.12 Rr 
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Journal of the Optical Society of America 
Vol. XXV, No. 10, 321, October (1935). 


‘THE RADIATION of energy from a thoriated tungsten filament and the absorption of the energy 
radiated from the surrounding bulb have been measured by a method which eliminates difficulties 
arising from cooling effects of the leads. For a filament at a uniform temperature Tp in a bulb 
at temperature 7 the net radiation W in watts cm-* is the difference between the outgoing ra- 
diation Wp and the absorbed radiation W,. For values of Tp from 225° to 580°K and Tg from 
77° to 473°K 


log Wr = 83.7105—100+5.332 log Tp, 
log W,4 = 83.7105—100+4.462 log T,+0.87 log Tp. 
The resistivity Ro in this same range is given by 
log Ro = 91.7123—100+41.23 log Ty. 


The characteristics, current, voltage, resistance, and-energy radiated as functions of temperature 
are tabulated. 


IN soME studies of the adsorption of cesium on thoriated tungsten filaments 
which are now in progress in this laboratory, it has become necessary to know 
accurately the relation between the temperature at the midpoint of the fila- 
ment and the heating current. In much of this work it is desired to operate at 
filament temperatures which only slightly exceed the bulb temperature. 

Although published tables'? of the characteristics of tungsten filaments 
have given the relation between the watts input and the temperature even for 
low filament temperatures, these data have not been the result of direct experi- 
ment, but have been calculated with somewhat doubtful accuracy from assumed 
values of the emissivity of tungsten. In view of the present need for greater 
accuracy, it is thus seen desirable to undertake experimental determinations 
of the radiation from tungsten filaments at low temperatures and of the absorp- 
tion of the energy radiated back from the bulb. 

Let W be the net radiation from the filament in watts per square cm. This 


1 IT. Langmuir, Phys. Rev. 7, 302 (1916). 
2 H.A. Jones and I. Langmuir, Gen. Elec. Rev. 30, 310, 354, 408 (1927). 
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is the difference between the outgoing radiation W, and the absorbed radia- 
tion W,, so that 

W = W,—W,. (1) 
Let E be the total emissivity, that is,’ the ratio between W, and the radiation 
from the filament if it behaved like a black body. Thus 


W, = STYE, (2) 
where S is the Stefan-Boltzmann constant, 5.72 10-!* watt per cm? deg.‘. 


In this equation 7, is the absolute temperature of the filament. 
The absorbed radiation W, is given by the equation 


W, = ST$A, (3) 
where A is the absorption coefficient for the incident radiation upon the fila- 
ment, and 7, is the bulb temperature. 


P. Foote’ extended some previous calculations by Aschkinass based on 

Drude’s theory of metals, and obtained the equation 

E = 0.5736(TR,)*—0.1769(TRo) , (4) 
where R, is the specific resistance of the filament material which is at the tem- 
perature T. 

In this derivation, however, E was calculated as the emissivity of radiation 
in the direction normal to the surface of the filament. Davisson and Weeks* 
made much more elaborate calculations taking into account the deviations from 
Lambert’s law, and thus obtained for E the expression 


E = 0.751(TR,)“*—0.632(TR,) +-0.670(TR,)**—0.607(TR,)?.... (5) 


A is given by the same expression if T is replaced by T,. - 

Davisson and Weeks made careful measurements of E for platinum for 
temperatures up to 1500°K. Between 300 and 500°K they obtained values of 
E from 10 to 14 per cent lower than those calculated by Eq. (5). At values above 
700°, however, they observed that the values of E were greater than the cal- 
culated values. 

One of the greatest difficulties of making measurements of radiation at 
low filament temperatures arises from the cooling effect of the leads. In the 
present experiments it was decided to eliminate this difficulty by providing 
means of heating the leads to the temperature at which the filament is operated. 
The apparatus used is shown in Fig. 1. The leads (L) consisted of heavy wall- 
ed copper tubing, of an outer diameter of 11 mm and an inner diameter of 
8 mn, closed at one end, into which gold buttons carrying the filament (F) 
were silver soldered in vacuum. The gold buttons had been fused around the 
filament in hydrogen, thus making good thermal and electrical contact. The 
leads were silver soldered in vacuum to copper cups which had previously been 


* P. Foote, Bull. Bur. Stand. 11, 607 (1915). 
* C. Davisson and J. R. Weeks, Jr., J. Opt. Soc. Amer. 8, 581 (1924). 
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sealed to the Nonex glass bulb. A thermometer and also a thermocouple were 
placed in the bottom of the opening of the tubular lead. The heat conductivity 
of the copper was so great that no appreciable temperature difference could 
exist between the thermometer bulb and the gold button which was in contact 
with the filament. The leads were heated by means of resistance wire furnaces 
(H) placed around that portion of the copper 
above the seal. In certain experiments the leads 
were cooled by immersing heavy copper strap 
extensions of the leads in liquid air. Polished 
nickel plates (S), making contact with the bath 
liquid through heavy seals, shielded the filament 
from the radiation of the leads and the upper 
exposed parts of the bulb. 

A thoriated tungsten filament (~1.2 per cent 
of thoria) was used having a diameter of 
0.00499 cm as calculated from the weight, 
assuming the density of tungsten to be 19.31 
after thorough aging. The length of the filament 
between the gold buttons was 25.82 cm. In 
aging the filament, its temperature was raised 
in steps of about 50° every five minutes to 
2000°K and held here for fifteen minutes. In 
thoriated tungsten this initial treatment produces 
a particularly fine grained filament. Photomi- 
crographs of lengthwise sections showed the 
average grain diameter to be about 0.002 mm. 
The filament was now heated at 2400°K for 
four hours and at 2600° for one hour, followed 
by a few short flashes at 2800 and 2900°K. 

Fic. 1. Further heating at 2600 to 2800°K during the 
experiments caused no change in resistance or 

emissivity. The bulb was baked out and was kept connected to the pump and 
McLeod gauge. The pressure during the measurements was less than 10-* mm. 

The relation between the resistance of the filament and the temperature 
was determined by heating the entire bulb and the leads to a series of different 
temperatures in an oil bath. Thus, when no current is passed through the fila- 
ment, the bulb temperature T', the lead temperature 7, and the filament 
temperature 7, were equal. In order to measure the resistance, a small cur- 
rent I was passed through the filament, and the voltage drop across the fila- 
ment was determined, both measurements being made with high accuracy by 
a potentiometer. Measurements of resistance were obtained with several values 
of current I, and these resistances were plotted against J?, and the intercept 
of the resulting straight line corresponding to J = 0 was obtained. This resis- 
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tance should therefore correspond to the bulb and lead temperature. These 
tests were made with the bulb evacuated; and to be sure no temperature differ- 
ences existed between bulb, leads, and filament, they were checked after admit- 
ting dry hydrogen at atmospheric pressure. 

The resistivity is given by 

log Ry = 91.7123—100+ 1.230 log T. (6) 
The slope, 1.23, of the log resistance log temperature relation is about halfway 
between the values given by Langmuir and Jones* (approximately 1.26) and 
that found recently (1.209) by Forsythe and Watson.® The values of resistivity 
are from 1 to 2 per cent higher than reported by either of these authors. This 
may be caused by the thoria content of the present filament; however, For- 
sythe and Watson mention differences as great as 6 per cent in pure tungsten 
filaments from different sources. In no case has this difference in resistivity 
caused differences in radiating properties. 

To determine the radiation characteristics of the filament, the leads were 
maintained at various temperatures T,, above the bulb temperature T,. Know- 
ing what the resistance of the filament should be at the temperature T,, 
we passed a current through the filament sufficicnt to bring the resistance to 
this value. Actually, currents slightly above and slightly below this value were 
used and the observed energy in watts per cm*, W, was plotted against R. By 
interpolation the value of W was found which corresponded to a filament tem- 
perature 7, which was the same as lead temperature T,. 

Measurements were made in this way of the net radiation W for a series 
of 8 bulb temperatures ranging from that of liquid nitrogen (~77°) to 473°K, 
while the lead and filament temperatures were adjusted at a large number of 
values from 225 to 580°K. 

With the tube in liquid nitrogen the radiation received by the filament from 
the bulb is negligible, and so W measured under these conditions is equal to Wp. 
It was found that log W, plotted against log T, gave a straight line of slope 
5.332, so that 

log W, = 83.7105—100+5.332 log T,. (7) 
The experimentally determined points lay along this straight line within a maxi- 
mum error of 0.3° and an average error of less than 0.1°. 

The agreement of the experimental data with Eqs. (6) and (7) indicates that 
between 230° and 600°K both the resistance and the outward radiation vary 
accurately in proportion to definite powers of T,. 

Thus we may put 

R, = const T¢, (8) 
where @ = 1.230, and 
W, = KT?, (9) 
where K is a constant and w = 5.332. 


* W. E. Forsythe and E. M. Watson, 7. Opt. Soc. Amer. 24, 114 (1934). 
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Foote and Davisson and Weeks** suggest that A is a function of (Ry73) 
while E is the same function of (R,7;), and thus both A and E are expressible 
as proportional to powers of T, and T,. Comparing Eqs. (2) and (9) we see 
in fact that 


E = (K/S)(T;)°*. (10) 
We are thus led to the tentative assumption that A can be expressed by 
A = const T§T%, (11) 


where € and a are constants. 
When T, = T;, W = 0 and thus by Eggs. (1), (2), and (3), A = E. This 
condition requires, according to Eqs. (10) and (11), that 
ay pares (12) 
and 
A = (K/S)T3-4T;|T5)*. (13) 


Inserting the values of E and A from Eggs. (10) and (13) into Eqs. (2) and (3) 
and combining with Eq. (1) gives 


W = K(T?—T°T?). (14) 


We have subjected this equation to experimental test. We wished to know 
particularly whether the assumption of Eq. (11) is justified. In other words, 
are the values of ¢ determined from the experiments really constant when both 
T, and T, are varied? For this purpose we transformed Eq. (14) into the follow- 
ing form, 


log (W,—W) — log W, = e(log T,— log Ts), (15) 


where W,, the outward radiation from the filament when it is at bulb tempera- 
ture T,, is to be found by Eq. (7) by replacing 7, and W, by T; and W,, 
respectively. 

The experiments in which 7, and Ty, are different gave values of W as 
a function of 7, and T;. According to Eq. (15) if log (W,—W)— log Ws 
is plotted as ordinate with log T,— log T, as abscissa, all the points should 
lie on a single straight line of slope e which passes through the origin. The exper- 
imental data gave complete agreement with this theory and gave the value 
€ = 0.87. 

The deviations of the points given by the experimental data from the straight 
line were such as could be explained by errors in the lead temperatures. In 
most cases they were less than 0.3°, but in a few cases where the accuracy of 
the control of the lead temperatures was known to be less, a few errors of 1 or 
2° were observed. There was no tendency for deviations that suggest that e varies 
progressively with either T, or T,, and therefore we may regard the assump- 
tion underlying Eq. (11) as being justified experimentally. 
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Tasie I 


Total Emissivity of Tungsten 








Tp B | B | Ratio 
Land T H DandW | 

300 0.0179 | 0.0301 | 1.68 

400 0.0262 0.0410 1.56 

500 0.0353 0.0520 1.47 

600 0.0450 0.0629 1.40 





Our experimental determinations of W,, the energy absorbed as back ra- 
diation, are therefore completely represented by the equation 


log W,, = 83.7105—100+-4.462 log Ts+0.87 log T,. (16) 


By then finding W, by Eq. (7) and inserting these values into Eq. (1) the net 
radiation W can be calculated for a tungsten filament at a uniform tempera- 
ture T, in a bulb at temperature T;. 

& According to the theory of Davisson and Weeks, the emissivity E can be 
expressed as a function of Ry7;, while A is the same function of RyT;. This 
would imply that A should be a function of 7,7, only. Actually, from 
Eq. (13), after inserting the numerical values of w and e, we find that A is a func- 
tion of 7}°* 7, or Ri T,. 

The values of the emissivity E which we have found are given by 


log E = 4.9531—10-+1.332 log T,. (17) 


The second column of Table I gives values of E calculated by this equation. 
The third column gives values calculated by the Davisson and Weeks relation, 
Eq. (5). 

The reflection of radiation of sufficiently long wave-length from metals 
can undoubtedly be calculated by the electromagnetic theory by methods simi- 
lar to those used by Davisson and Weeks. At 300°K the wave-length correspond- 
ing to the maximum radiant energy is about 10, while at 1500°K it is 2y. 
Since the Davisson and Weeks equation gives emissions which show the greatest 
deviations at the lowest temperatures, it is evident that the wave-length of 
10 yw is still far too small for the application of the classical theory of metals. 

Forsythe and Watson® have recently made accurate experimental determi- 
nations of W, above 600°K. Below 600°, since they made no measurements 
of back radiation, they could only estimate values of W,. Our values obtained 
by direct experiment are about 20 percent lower than these estimated values 
of Forsythe and Watson. If our log W,-log T relation is extended from 600°K 
with a slope of 5.58 instead of 5.332, it passes midway between W, as given 
by Forsythe and Watson and by Jones and Langmuir and joins their values 
as they come into good agreement at about 1000°K. 
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For general calculations it is convenient to follow the procedure of Jones 
and Langmuir? and to tabulate the characteristics of tungsten in terms of a fila- 
ment of unit (1 cm) length and diameter. In Table II, the resistance R’, the 
watts input (net energy radiated) W’, the current A’, and the voltage V’ are 
given for a filament at the uniform temperature T,, when surrounded by walls 


Tase II 
Characteristics of Tungsten Filaments 























V’x 108 
Tr W’ x 108 R’x 10° 4’ (volts 
(°K) (watts cm™*) (ohms cm) (amp. em~*/:) cm/s) 
1 
230 | 6.3145 | 5.2744 10.942 57.712 
240 7.8795 5.5578 11.907 66.177 
250 9.8496 5.8439 12.983 75.871 
260 | 12.140 | 6.1327 14.070 86.287 
270 | 14.846 | 6.4241 15.202 97.659 
280 18.024 | 6.7181 16.378 110.029 
290 21.733 7.0144 17.602 123.47 
300 26.037 | 7.3131 18.869 137.99 
310 31.012 7.6140 20.182 153.67 
320 36.733 7.9177 21.540 170.55 
330 | 43.280 | 8.2226 22.943 | 188.65 
340 | 50.751 | 8.5302 24.392 | 208.07 
350 59.235 8.8400 25.886 228.83 
360 68.832 | 9.1515 27.426 250.99 
370 | 79.660 | 9.4654 29.01 274.59 
380 91.831 9.7807 30.642 299.70 
390 105.49 10.099 32.32 326.40 
400 | 120.72 | 10.418 34.04 354.63 
410 | 137.70 10.739 35.808 384.54 
420 | 156.59 | 11.062 37.624 416.20 
430 177.53 | 11.387 39.485 449.62 
440 200.67 11.713 41.391 484.81 
450 226.21 12.042 43.342 521.92 
460 254.35 12.372 45.342 560.97 
470 285.26 | 12.703 47.388 601.97 
480 319.13 13.037 49.471 | 644.95 
490 356.25 13.372 51.615 | 690.20 
500 396.74 | 13.708 53.798 | 737.46 
520 | 489.00 | 14.385 58.303 838.69 
540 | 598.00 15.069 62.995 949.27 
560 726.02 15.758 67.879 1069.6 
580 875.41 16.454 72.941 1200.2 
600 | 1048.80 | 17.154 78.192 1341.3 


W’ = W|Ld, R’ = Ra@?/L, A’ = Ald*h, V’ = Vd'l:/L, where W, R, A, and V are the observ- 
ed values of watts input, resistance, current, and voltage for a filament of length L cm and diam- 
eter d cm at the uniform temperature Tp when surrounded by walls at 0°K. 
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at 0°K. The table can be used directly for calculating temperatures only when 
these conditions are fulfilled. 

Ordinarily the bulb is not at a temperature sufficiently low to make W, 
negligible, and the distribution of temperature and other properties is not 
uniform along the filament because of the cooling effects of the leads. The 
calculation of temperatures for these conditions with a newly determined value 
or the heat conductivity of tungsten will be described in a following paper. 
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THE HEAT CONDUCTIVITY OF TUNGSTEN 
AND THE COOLING EFFECTS OF LEADS UPON 
FILAMENTS AT LOW TEMPERATURES 


With JoHn BrapsHAW TAYLOR as co-author 


Physical Review 
Vol. L, No. 1, 68, July (1936). 


‘THE THEORY and the equations governing the temperature distribution, resistance, and hea- 
flow in a tungsten filament as affected by its leads are given for the low temperature range 
(<600°K), both for the general case and for several special cases. A low temperature vs. current 
scale for tungsten is calculated from these equations using measurements of heat conductivity given 
in this paper and previously obtained data on the radiating properties and resistance of tungsten. 
It is given in the form of tables and formulas from which, knowing the current, filament dimen- 
sions, and lead and bulb temperatures one can find the maximum temperature, T,, of the fila- 
ment. Methods are described for calculating the effect on T, of a spring attached to one end of 
the filament. The heat conductivity of tungsten, A, was determined experimentally for this low tem- 
perature range. A at 273°K is 1.66 watts cm~? deg.~! and decreases with rising temperature accord- 
ng to the equation log A = 0.9518 —0.30 log T to 1.31 at 600°K. 


I. Introduction 


IN A RECENT paper! we have described experiments with an evacuated tube 
containing a tungsten filament attached to leads which could be maintained 
at any desired temperature (220° to 600°K). In the experiments already con- 
sidered, the lead temperature, 7, (°K), was higher than the bulb temperature 
T;; and the current A through the filament was adjusted so that the filament 
was also at the temperature J), as indicated by its resistance, the resistance- 
temperature curve having been previously determined. In this way the cooling 
effect of the leads was eliminated and thus the power input gave directly the 
difference between the power radiated and that absorbed from the back-radia- 
tion from the bulb. 
The results were accurately expressible by the equation 


W = K(T°—Ts“T9), (1) 


where w = 5.332; ¢ = 0.87; log,, K = 83.7105—100; and W is the net radia- 
tion in watts cm-? at a temperature T in a bulb at 75. 


* I, Langmuir and J. Bradshaw Taylor, J. Opt. Soc. Amer. 25, 321 (1935). (Referred to as 
Paper 1.) 
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It is the object of the present paper to describe experiments with the same 
tube in which the current A is no longer held at the value which makes the 
filament temperature equal to J). Measurements of the resistance and voltage 
input enable us to calculate the heat conductivity of the filament and the tem- 
perature distribution along the filament. 

Forsythe and Worthing? have measured the temperature distribution along 
incandescent filaments near the leads and have calculated the heat conductiv- 
ity 4. Their results are reproduced (within 0.2 percent) by the equation 


4 = 0.840(7/1000)"* watts cm- deg. (2) 


Langmuir, MacLane, and Blodgett? used this relation in developing equa- 
tions for calculating the change in any of the characteristics of a filament which 
results from the cooling effect of the leads. The temperature distribution, 
determined by an optical pyrometer, over the central part of short filaments 
agreed well with that calculated and thus confirmed the accuracy of the For- 
sythe-Worthing values of the heat conductivity at temperatures above 1500°K. 
The analysis of the data, however, led to the conclusion that at lower temper- 
atures the heat conductivity must be greater than is given by Eq. (2). 

The heat conductivity of tungsten at 0°C is given by Barratt‘ as 1.60 watts 
cm7! deg.~? and by Kannuluik® as 1.66. The experimental method of Kannuluik 
appears to be very accurate, but it should be noted that he “‘annealed” the 
tungsten only at 1300°C, a temperature which is quite insufficient to bring 
drawn tungsten wires into a steady state. He gives the specific electric resistance 
of the wires as 6.0 x 10-¢ after annealing at 200°C and 5.65 x 10-* after annealing 
at 1300°C. These resistances are 20 and 13 per cent, respectively, higher than 
normal values for well aged tungsten. Langmuir has shown’ that a drawn tung- 
sten wire undergoes a 15 to 20 per cent decrease in cold resistance when first 
heated to 1500° for one minute and a further decrease of 2 to 4 percent upon 
aging for 24 hours at 2400°K. 

There is therefore evidently a need to know A more accurately in the range 
of temperatures below 1500°K. In some studies of the adsorption of caesium 
on thoriated tungsten filaments by methods already described? we have needed 
to know accurately the relation between the temperature at the midpoint, of 
the filament and the heating current even when the filament temperature only 
slightly exceeds the bulb temperature. 


4 W. E. Forsythe and A. G. Worthing, Astrophys. J. 61, 146 (1925). 


* TI. Langmuir, S. MacLane and K. B. Blodgett, Phys. Rev. 35, 478 (1930). References to pre- 
vious literature on the cooling effects of leads are given. 


“ T. Barratt, Proc. Phys. Soc., London 26, 347 (1914). 

5 W. G. Kannuluik, Proc. Roy. Soc. A131, 320 (1931); A141, 159 (1933). 
* I. Langmuir, Phys. Rev. 7, 302 (1916), see p. 313. 

7 §. Bradshaw Taylor and I. Langmuir, Phys. Rev. 44, 423 (1933). 
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II. Theory' of the Effect of Leads on the Temperature 
Distribution and Resistance 


The general equation for the temperature distribution along a filament of 
nonuniform temperature is given by 


an aif) = 2nrW—A®R/n7’*. (3) 
Here r is the radius of the filament, A is the heat conductivity, T is the absolute 
temperature at a point x along the filament, W is the net radiation from the 
filament at the point x in watts cm~?, A is the current through the filament 
in amperes, and R is the specific resistance of the filament in ohm cm. 
It is desirable to express Eq. (3) in terms of dimensionless quantities. For 
this purpose we will replace T by 6 defined as follows: 


6 =(T—T,)/T)3 or T= (1+6)T, (4) 


where T, is the temperature of the leads. 

Let A, be the current in amperes, which must be passed through the fila- 
ment in order to maintain the filament at the uniform temperature 7, when 
the bulb is at 0°K, or at any temperature so low that there is no appreciable 
back-radiation from the bulb. The value of Ay is evidently given by Eq. (3) 
if we place dT/dx = 0, so that 

Ag = 2n*r°W,|Ro, (5) 
where W, and R, are the values of W and R which correspond to the case that 
the bulb is at 0°K and the whole filament is at T). 

The current A is conveniently expressed in terms of a dimensionless quan- 

tity B defined by 
B = (A/A)). (6) 


When the current A is small so that 6 is small compared with unity, the values 
of 6 should increase approximately in proportion to A’, or in other words 6 
should vary approximately linearly with £. 

If we insert these values from Eqs. (4), (5), and (6) into Eq. (3), we obtain 





d [a d6 W R 
= 7 
n4(a =a) W, BRO (7) 
where H, a quantity having the dimensions of the square of a length, is given by 
H = 1A T,/2W,. (8) 


Here A, is the value of A which corresponds to Ty. 


1 The theory and equations in this part and in Part III enabled us to develop a temperature 
current scale for tungsten (Part V) in a convenient form but need not be referred to when calcu- 
ating temperatures since Part V has been made complete in itself. 
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By Eq. (1) we see that 
W, = KTe (9) 

and 

W/W, = (1+6)°—(1+65)°" (1+ 6), (10) 
where 6, is the value of @ corresponding to the bulb temperature T,. We 
have seen that to maintain the filament at T, when T, = 0 requires that B = 1. 
Let fy be the value of 8 which corresponds to the current required to maintain 
the filament at 7, when the bulb is at any temperature T,. In this case we 
may put in Eq. (7) d6/dx = 0 and R = R, and so obtain 

By = W/W, when 6=0 

and then by Eq. (10) we find 


By = 1—(1+6,)""*. (11) 
By using this relation, Eq. (10) may be written 
W/W, = (1+6)°—(1—Ap)(1+-6)*. (12) 


Over very wide ranges of temperature the specific resistance R of tungsten 
increases in proportion to T¢ where 9 is a constant. Therefore, we have 


R/R, = (1+6)¢. (13) 
We shall see that A does not have a large temperature coefficient. Within 
a reasonably large range of temperatures we may assume that A varies in pro- 
portion to a power of the temperature, so that 
A= A(1+6)*, (14) 
whege k is a constant. 


Instead of expressing our equations in terms of x, the absolute length along 
the filament, let us now use a new variable g defined by 


9 = (WalrhoT)'ix = x(2H)"h. (15) 
With these substitutions into Eq. (7) we have 

1 a6 4 k (2 

2 dg® © 2(1+6) \dp 
By replacing (d0/dy)? and log (1+6) by new variables, this equation can 


be brought to the linear form and one integration can be performed. In this 
way we obtain 





) = (146)°*-(1-By)(1+0)*—BUL+6)e-*, (16) 


(1+6)*(d0/dp) = 20F—F,)'*, (17) 
where 
F = ((146)°*—1]/(0+k+1) 
—(1—Bo)[(1+6)**#2 — 1] /(e+R+1)—B[(1+6)e*4—1]/(etk+1). (18) 


The quantity F, may be regarded as an integration constant. 


24 Langmuir Memorial Volumes II 
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In general we shall measure x and ¢ from the point where the filament tem- 
perature is a maximum, but if the two leads which cool the filament are at the 
same temperature 7,, then the maximum is also the midpoint. For this con- 
dition then, at the center of the filament the temperature gradient is zero and 
therefore d0/dp = 0. Let the value of @ at the maximum (center in this case) 
be 6,. Then the value of F, is given by Eq. (18) if we replace 6 by 4,. 

Let x, and gy be the values which correspond to the ends of the filament 
where T = T,. These quantities then represent the half-length of the filament. 
By integration of Eq. (17) we obtain 


9 = (1/2) { (1-+0)(F Fea. (19) 


We can thus express 0 as a function of ¢ and so obtain the temperature distri- 
bution along the filament. 

We are also interested in knowing the resistance of the filament. Let Q be 
the resistance of the half-length x, of the filament when the current A is pass- 
ing and let Q, be the value of © when the filament is at the temperature T). 
Then by Eq. (13) we have 


0/0, = f (1+0)(de]). (20) 


By Eq. (15) ¢ is proportional to x, and therefore 
dx |xq = de|po = (48/p0)(dy/d8) . (21) 
Substituting this into Eq. (20) and combining with Eqs. (17) and (19) gives 


(AQ)/2q = (1/290) f ((1+-6)°—1](1+-6)"(F—-Fiy"* 8. (22) 


In this equation AQ has been used to denote the increase in resistance (Q—Qbp) 
caused by increasing the current from A, to A. 
Relation between y, and the Voltage V, 


Let us consider again the filament maintained at the lead temperature T, 
by the current A, while the bulb is at 0°K. Then according to the definitions 
already given, the radiation in watts per cm? is W, and the specific resistance 
is Ry. Let V, be the voltage drop along the half-length, xo, of the filament. 
Then we have 

W, = A,Vo/2nrx, (23) 

and Ry = t7°Vo/ Agro. (24) 
Multiply these equations and solve for V, and obtain 

Vo = (2WoRalr)'%0. (25) 
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Eq. (15) furnishes us with another relation involving W,/r. If we eliminate 
this factor between Eqs. (15) and (25) we get 


Vo= hoGo» (26) 
where 
Ihg = (2RoTolo)'* (27) 
and hy is the value, at T = T,, of a quantity h defined by 
h = (2RTA)'). (27a) 


This parameter h is a specific property of tungsten as it depends on the 
temperature but not on the dimensions of the filament. We see from Eq. (26) 
that it has the dimensions of a voltage. 

According to the Wiedemann-Franz law, AR, at a given temperature, is 
nearly the same for all metals and according to Lorenz AR increases in pro- 
portion to T. If these laws are applicable, A should increase in proportion to 
T but should be the same for all metals. 


Flow of Heat Along the Filament 
Let Q be the heat flux along a filament in watts; then 


Q =nrAdT/dx. (28) 
By Eqs. (4), (14), and (27) this becomes 
Q = (mr*h8/2R,)(1+6)*d0 [dx . (29) 
In Eq. (15) we can eliminate A, 7, by using Eq. (27) and by Eq. (5) we obtain 
# = (er*hg| ARP. (30) 
By combining Eqs. (17), (30), and (29) we find ; 
Q = Ah (F+<)'', (31) 


where we have used ¢ to represent the integration constant. 

Eq. (31) is applicable to the flow of heat through a spring or lead to which 
a filament is attached. In such a case the heat flowing into the hot end may 
be such that there is no value of @ which makes d0/dp = 0. A similar case 
arises if a filament is attached to two leads, one of which is at a temperature 
above Ty, while the other is below 7,,, where Ty is the temperature to which 
the current A would heat the central part of the filament if it were infinitely 
long. The value of Q is then not zero even when 0 = 6. In such cases the 
integration constant ¢ is to be determined by the boundary conditions. 

With a filament having two leads at the temperature Ty, c becomes —F,, 
and the heat that flows into each lead is given by 


Qo = Agh(—Fi) (32) 

since, by Eq. (18), F = 0 when 6 = 0. 
Eqs. (19), (22), and (31) represent the general solutions of the problems 
of the temperature distribution, the resistance and the heat flow in filaments. 


24° 
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There are, however, certain special cases in which the equations can be so 
simplified as to facilitate the calculations. We shall consider some of these. 


Case 1: Low Values of 6,.— When B differs only little from fy, the temper- 
ature of the whole filament is not far above T, so that we may take 4 as con- 
stant and then put k = 0. Furthermore, in Eq. (16) we may expand the terms 
involving powers of 1+6. If we omit terms involving powers of 6 higher then 
the first, the equation becomes linear and can be integrated. Choosing the 
integration constants so that d0/dp = 0 when = 0, and at the leads where 
Y = %, 6 = 0, we thus find that the temperature distribution along the fila- 
ments is given by 





_ 28—B.)[,_ cosh Co 
oom a 6, ane A hr , 33) 
where 
C? = 2[w—e+f,(e—e)]- (34) 
The temperature at the center of the filament is found by putting g = 0: 
4, = [2(B—B,)/C*](1—sech Cp). (35) 


By expanding the factor (1+6)¢ in Eq. (20), combining with Eq. (21) and 
inserting the value of 6 as given by Eq. (33) we find 


AQ/Q, = 206 Oo) 1 — Coe] (36) 


Short Filament: When gy is sufficiently small, we can expand the cosh factors 
in Eq. (33) and so reduce the equation to 


9 = (B—6o)(7s—¢*) [1 —(C?/12) (5¢3—¢")]. (37) 
Thus when ¢§ is small compared to unity the temperature distribution is para- 
bolic, and the heat transfer by radiation is small compared to that conducted. 
A similar expansion applied to Eq. (36) gives 
AQ/Q = (2/3)(B —Bo)e¢e(1—2C? 4/5). (38) 
Long Filament: When the filament is so long that C?3> 6, then the relation- 
ship of Eq. (33) may be sufficiently accurately expressed (within 1 per- 
cent) by 
6 = 60y[1—e°'?-™], (39) 
where 
91 = 2(B—By)|C?. (40) 
In this case the temperature is practically uniform at Oy over the central part 
of the filament. : 
When C*q3 > 6 the hyperbolic tangent in Eq. (36) becomes unity so that 


AQ/OQ, = a Bool Go» (41) 
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where 
= 29(B—By)/C*. (42) 
Thus when the filament is long, AQ/Q, varies linearly with 1/¢p. 


Case 2: Large values of B (or € = 0). —- If a filament is very long, the cooling 
effect of the leads becomes inappreciable in the central part of the filament 
and for this region we may put in Eq. (16) ee and d?0/dg¢* both equal to 
zero and thus obtain 


(1—Bo)+B(1+ 844)°* = (1+ Ou)?" (43) 


where 6, is the value of 6 over the central part of a very long filament corres- 
ponding to a temperature Ty. 
Let us now introduce into Eq. (18) a new variable defined by 


o = (14+6)/(1+6,) = T/Ty. (44) 


If we then eliminate 8 by Eq. (43), we find for the value of F—F,, which 
is needed for Eq. (19), 


F_—F, = (1+6y)°***+1(H,—H), (45) 
where 


gate! getktt | ( gttktt getter ) / 1 Oa é) 
H= orn Sentra aaa} (14% is i) 


and H, is obtained from this equation by putting o = o, = (1+6,)/(1+6,). 

The last term in Eq. (46) becomes negligible when e = 9; 0 < 1; or when 
B/(1—8o) is very large. This occurs according to Eq. (11) if 7, is small com- 
pared to 7, or if 8 is very large compared to unity. The data previously pub- 
lished? have given w = 5.332; 9 = 1.23; and e = 0.87 for the temperature range 
from 250° to 600°K. Because of this small difference of 0.36 between @ and 
é the errors made by replacing e by g in Eq. (46) are small even when £ is com- 
parable with unity. 

The greatest errors in g with small values of 8 occur with filaments so long 
that o, is nearly unity and may approach a limiting fractional error of 
(@—«)/2(w—@) or about 4.5 percent. With shorter filaments for which g, is 
considerably less than unity, the errors are much smaller. 

Replacing e by 9 in Eq. (46), substituting in Eqs. (45) and (19), we are led 
to the following equations: 








= op(?-*-Y28(Y, —Y) : (47) 

where 
%> = 1/(1+6y), (48) 
Y = (1/2) fo*de(G,—6) “th, (49) 
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and 
getktl gatktt 


C= OFRET oF RET (50) 
Similarly from Eqs. (20) and (21) we obtain 
QQ = 09°°(Z,—Zo)|(¥i—Yo), (51) 
where 
Z = (1/2) { ot**do(G,—G)-"s. (52) 
0 


The temperature distribution and the resistance of filaments is thus given 
by Eqs. (47) and (51) in terms of the functions Y and Z. These calculations 
are most readily made by series expansions in terms of powers of o or of (1—¢). 
Although general expansions can be obtained for the coefficients of the terms 
of these series, they are too complicated to justify their presentation here. In 
the third part of this paper we shall give such series for the particular values 
of w and @ which have been adopted. 


Case 3: A general method® for calculating p, and Q. by power series in 0. — 
It is seen from Eqs. (19) and (22) that the expressions for gy» and Q/Q, can be 
brought into the general form 


2u(0,) = [ NO)LF@)—FO)I-"*a8, (53) 


where N and F represent any arbitrary functions which for 0< 6< 6, can 
be expanded by Taylor’s theorem into a series in powers of 6—6, with coef- 
ficients that are functions of 6,. The coefficients themselves can be expanded 
in powers of 6,. In this way by carrying out the integration we obtain 


(—F,)"'p = A,\S+A,S?+A,S5+A,S'+..., (54) 
where 
S = (6), 
A, = No, 


Ay = (2/3)N,—(5/12)NoFs/Fi 
As = (4/15)Ne—(3/10)N,Fo/F,—(11/60)NoF3/F, + (43/160) No(FalFi)*s 
A, = (8/105)Nq—(13/105)NgF/F,—(29/210)N,Fs/F,+(23/112)N\(Fa/F,)* 
— (31/560) Nq(Fy[F,) +(27/112)No(Fa| F,)(Fa|F,)—(177/896)No(F al Fi). 
Here N, and F, are the nth derivatives of N(0), F(0) with respect to 6 at 
the point 6 = 0. 


® We wish to thank Dr. H. Poritsky for obtaining the expressions involved in this method 
and for helpful discussions of other sections of this paper. 
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Thus in calculating g, and 2/Q, we may take F(6) as given by Eq. (18) 
so that 


F, = B—B, 
F, = w—e+(Bo—B)(e+h)—By(o—e) ete . 
In calculating p) by Eq. (19) we place 
N(6) = (1+6)s, 
No=1; Ni=k3 Ng=R(k—I)etc., 








while for AQ/Q, by Eq. (22) we split the second member into two integrals 
placing N(#) = (1+6)°+* for the first and N(6) = (1+6)* for the second. 


III. General Equations for Tungsten Filaments Up to 600°K 


We have shown! that the radiation and resistance of tungsten filaments 
between 220° and 600°K are accurately represented by Eqs. (1) and (13) if 
we place 

w = 5.332; 9 = 1.23; and e = 0.87. (55) 

In order to determine A from our experimental data we at first assumed 
k = 0, and were thus able to calculate gy. and AQ/Q, in terms of £ and 6, by 
the methods we shall outline. Experiments with low values of 8, (which justify 
the assumption k = 0) and with various values of T, soon showed that 


= —0.30 (56) 
gave the variation of A with temperature to a satisfactory approximation. 


Values of Y and Z. 

When the bulb temperature T, is low compared to T, or when is either 
large or very small, the temperature distribution is given accurately by Eq. 
(47), but even for intermediate values of B this equation gives a rather good 
approximation. Let us therefore derive methods for calculating Y. 

Introducing the numerical values of w, 9, and k in Eqs. (49) and (50), expand- 
ing and integrating, we obtain 

Y = +1.20330%?9+ 0.23550? °J + 0.149804 9J?-+ 0.12908 4903 

—0.029440*782J +.0.12790% 42°J4— 0.050460* #82J?+-0.13800105J5 
—0.072401959J8, etc., (57) 
where 
J = (1.470503%3—0.47050$%)2, (58) 
A similar method applied to Eq. (52) gives 
Z = +0.43640! +. 0.160407*J + 0.118005 7°J?-+ 0.108407-72J8 
—0.024907-82J +.0.11150°*5J4—0.04120°*J?, etc. (59) 


Google NIVERSITY OF CA 


376 Heat Conductivity of Tungsten and Cooling Effects of Leads 


For values of o approaching o,, it was possible to develop other expansions 
giving Y,—Y in terms of powers of (c,—0)/o,. By adding the values of Y and 
Y,—Y thus obtained in the range in which both series were accurate, the values 
of Y, were obtained and were found for o, > 0.6 to be accurately given by 


Y, = 1.0312—0.8039 logy, y,+0.390y,+1.573y2—1.31y3 
+0.050y+1.5y8, (60) 


where y, = 1—o,. 
Similar calculations for Z,, satisfactorily accurate for o, > 0.1, give 


Z, = 0,08782—0.8039 log,g-y,-+0.3029y, —0.448y3+0.06y3 . (61) 


Infinitely Long Filament 
For the special case that ¢, = 1, which corresponds to 7, = Ty, the value 
of Y, which we may denote by Y,, is given accurately by the following equa- 
tion over the range from o = 0.3 to 1.0. 
Yu = 0.7892—0.8039 log,, y—0.3935y 


—0.1475y?— 0.0641y3—0.0330y4—0.021y5..., (62) 
where y = 1—o. An analogous expression for Z,, very accurate for o > 0.2, is 


Zy = —0.1542—0,8039 logy, y-+.0.0360y 
+-0.0698y2-+0.0340y3-+.0.0108y4+40.00227y5. (63) 


By means of the foregoing methods, using 15 terms in Eqs. (57) and (59), 
tables were prepared giving Y and Z as functions of o and o, to an accuracy 
of about 1 in 3000. The family of curves in Fig. 1 represents the values of o as 
functions of Y,—Y for various values of o,. These curves give the tempera- 
ture distributions, since the ordinates, according to Eq. (44), are proportional 
to the temperatures, while the abscissas Y,—Y by Eq. (47) are proportional 
to distances measured along the filament from its center. These distances may 
also be expressed in terms of » by Eq. (47) which takes the form 


= o"(Y,—Y). (64) 
To calculate o,, the value of o at the leads, we can use the following equa- 
tion derived from Eqs. (43) and (48): 
B = 0549 —(1—Ay)o0**. (65) 
For the case that f, = 0 (that is, T, = T,), the values of 8 as a function 
of oy are given in the first two columns of Table 1 (see Part V). Values of 8 for 
the case By = 1, or 7, = 0 are given in the 6th column. 


The temperature distribution near the central part of a long filament for 
which 0, > 0.95 is given by 


Y,—Y = 0.3491 cosh [(1—0)/(1—o,)]. (66) 
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Calculation of 6, as a Function of y and B (Tables II to IV) 

In most cases where it is desired to take into account the cooling effect of 
the leads upon the filament, it is not necessary to know the temperature distri- 
bution over the whole length of the filament, but a knowledge of the tempera- 
ture at the center of the filament and the resistance of the filament suffices. 
Tables II to IV contain data on the values of 6, for selected integral values 
of B and a set of evenly spaced values of 9. 



































Fic. 1. o as a function of Y,— Y for various values of ,. 


For low values of y the most convenient method of calculating 6, is by 
use of the series expansion furnished by Eqs. (53) and (54). Taking w = 5.332; 
e = 1.23; e = 0.87; k = —0.30, and B, = 0, we obtained in this way a series 
giving y in terms of 6,/8. However, since we desired to tabulate 0, for speci- 
fied values of g and f, this series, by reversion, was converted into the follow- 
ing: 

6,/8 = g§+(1.1758—3.718)p$+ (1.55282— 17.568 + 13.49) 95 
+-(2.20668—57.306?+ 144.38—48.84)g8+.... (67) 

Beyond the range of usefulness of this series we employed the Y function 
for which we had previously constructed tables giving Y as a function of o for 
a set of 10 values of o,. For each of these o, values we then interpolated by 
Newton’s rule to find Y,— Y, for each of the values of a, in Table I which cor- 
respond to integral values of £. 

For each value of 8 we thus had a set of values of a, for a number of definite 
values of Y,—Y,. Taking then the selected values of g, used in Tables II to 
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IV and the values of o, corresponding to 8 in Table I we calculated Y,— Y, 
by Eq. (64), and used these to obtain by interpolation the corresponding values 
of o, from which 6, could be obtained by Eq. (44) and Eq. (48). This inter- 
polation was carried out graphically. We found it was often advantageous for 
each value of B to plot Y,—Y, against colog (1—o,), since for larger values 
of o, anearly straight line was obtained, which by Eq. (60) approached a limiting 
slope of 0.8039. 





all 20 30 
a ( % 
Fic. 2. Corrections A@, applied in the calculation of 06, 
for the tables. 


Since the tables are to be used mainly for the case that T, = Ty, (Bo = 0), 
there is a slight error involved in the calculations of 0, by the foregoing method 
due to the replacement of e by g in deriving Eq. (47). By using the series expan- 
sion of Eq. (54) again using ¢ = 1.23 instead of 0.87 and comparing this with 
Eq. (67), it was possible to calculate the small correction, A0,, to apply to 6,. 
As can be seen from Fig. 2, the correction was negligible for very large and very 
small values of both 8 and 6, and only rarely exceeded one percent. Many 
checks were made of the accuracy of these corrections by direct calculations of 
gy by Eq. (19), using numerical integration by Simpson’s rule. 

It is believed that with these corrections that were applied in calculating 
the data for Tables II to IV that the values of @ are accurate to within a couple 
of units in the last figure. 


Calculations of AQ|Q in Tables V to VII 
For sufficiently low values of 6, we obtain from Eq. (54) the following expan- 
sion: 
AQ/Q, = 0.82006, + (0.01720 +-0.1220/6)62 
+(0.0088-+ 0.2510/8-+-0.4148/6*)63. (68) 


The lower values of 6, from Tables II to IV were used in this way to cal- 
culate AQ/Q, for given values of y, and 8. For values of 6, too large for‘rapid 
convergence of this series, AQ/Q, was calculated from Y and Z by Eq. (51). 
The necessary interpolations were facilitated by using the following relation- 
ships. 
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When 9, is small a very good approximation is given by 
AQ/Q, = (1+6,)°[1—(e/3)6,/(1+-4,)] « (69) 


By using the tablesyof Y and Z, values of AQ/, were calculated and com- 
pared with those given by Eq. (69) placing 9 = 1.23; the differences thus obtain- 
ed were then plotted as a family of curves for various values of B and 6,. These 
curves together with tables of the function involved in Eq. (69) were used for 
inter polation. This method was useful for values of 6, much larger than those 
for which Eq. (68) could be applied. 

For still larger values of 6, we may calculate AQ/Q by 


AQ/Q, = o9°°—-1—By. © (70) 
This equation, which is a generalization of Eq. (41), may be looked upon 
merely as a definition of B. It follows then from Eqs. (51) and (47) that 
B= 06 ((¥i—Yo)—(41—2)] . (71) 
As 6, approaches 6,, so that o,->1, B approaches a ‘limiting value B, 
which may be obtained by combining Eqs. (71), (60), (61), (62), and (63): 
Boo = o42**(0.4294y9-+ 0.2173 y8-+ 0.09815 y§ 
+0.04375y$+-0.02327y§+...). (72) 


This is sufficiently accurate for 0, > 0.5. 

By calculating B by Eq. (71) for various values of B and o, a family of curves 
was obtained giving B—B,, as a function of o,’ which was very convenient 
for accurate interpolation. Empirically it was found for large values of o, and 
for val ues of 8 from 1 to 200 that 


B—Ba = 0.1458-°*(1—o,)”. (73) 


By the various methods the values of AQ/Q, were obtained which are given 
in Tables V, VI, and VII. 
Let V be the voltage drop across the half filament. Then 


V = BhV,(Q/Q,). 


If the leads did not cool the ends of the filament, the current A would heat 
the whole filament to T,. Let V,, be the voltage drop that would then be 
required for the half-filament. We find readily that 


Vig = BV 00-*. (74) 


The effect of each lead in cooling the filament is thus to lower the voltage 
by an amount AV = V,—V. By Eqs. (70) and (26) we get 


AV = Bh B, (75) 
where B is given by Eq. (73). 
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Effects Due to the Heating of the Leads or Springs 

The tables in this paper are adapted primarily for calculations involving 
filaments whose ends are at the bulb temperature or some other definitely known 
temperature. The heat that is conducted from the filament into the leads must 
heat the junction, but if the diameter of the leads is 10 times that of the fila- 
ment, the temperature drop in the leads is about that in a length of filament 
only one-hundredth of the lead length and so produces negligible effects. 

In experimental work with tungsten filaments it is often desired to mount 
a filament in a definite position in a tube, such as at the axis of a cylindrical 
anode. To maintain the filament in this position even when it elongates upon 
heating, it is necessary to use a spring to hold the filament taut. The proper 
design’® of springs for this purpose often requires that the spring shall contain 
a considerable length of wire of diameter ranging from 3 to 6 times the fila- 
ment diameter. The heat conducted into the spring may then heat the spring 
to a degree that cannot be neglected in calculations of the temperature distri- 
bution and resistance of the filament. 

Let T, be the temperature at the junction between the filament and spring. 
It is evident that with a given current A passing through the wire the tempera- 
ture distribution over the whole filament will remain unchanged if we replace 
the spring by an additional section of filament whose length Ax is so chosen 
that the temperature drop in it is the same as that which occurs in the spring 
(T,—T,). 

Thus, if we can calculate Ax for each lead and add these increments to the 
length of the filament before calculating gy) by Eq. (15), we can proceed to deter- 
mine 6, by the equations and tables already given on the assumption that the 
lead temperature is 7,. Let us then find methods of calculating Ax. 

The temperature distribution along a filament near a lead whose tempera- 
ture is J, may be calculated by Eq. (19). The value of F can be obtained by 
expanding Eq. (18) in a power series in 6. Placing 8) = 0 and using the data 
of Eq. (55) we get 

F = —f9+(2.231—0.4658)6?+-(3.42+0.0118)6. (76) 

Numerical calculations for springs of practical sizes have shown that 0, 
is so small that only the first term of this expansion is needed. By Eq. (19), 
by integrating between 0 and 0,, we obtain 

Bag = (—F,)*"—(—F,—f0,)"". (77) 

Introducing the value of F into Eq. ay and letting 6 denote the value of 

d6/dy at the point 6, we have 


b = (d6/d¢),-5, = 2(—F,—f0,)*. (78) 
By eliminating F, between Eqs. (77) and (78), we find 
Ag = (6,/b) (1—80,/6°+...). (79) 


‘© K. B. Blodgett and I. Langmuir, Rev. Sci. Inst. 5, 321 (1934). 
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In Fig. 2 let the curve ABC represent the temperature distribution along 
a filament. Eq. (79) enables us to calculate Ag (the distance AD) from 6, (the 
distance BD) and the temperature gradient at B. The heat flow Q at B, by 
Eqs. (29), (30) and (78), is found to be 
Q = 2Ah,(1+6,)*b. (80) 
Now if we replace the section AB of the filament by a spring along which 
the temperature distribution is EFB, the curve BC is unchanged. If the spring 
is of very great length, it will be heated, except near its ends, to a uniform tem- 
perature T, by the current A that flows through it. We may calculate this tem- 
perature from the data of Table II. Let A, be the current that would be needed 
to maintain the spring at 7, if its ends are at T, while the bulb is at 0°K. Since 
the current to heat a long filament to any temperature varies with d°* where 
d is the diameter, we have 
A,=S8"A,, (81) 
where s is the ratio of the diameter of spring wire to that of the filament. The 
value of B for the spring wire, by Eq. (6), is 


Bs = (A/As)* = (A/Ad)*/8° = Bis. (82) 


Since s* is large, B, is small, and therefore in Table II we take B = 0, yy = 00, 
and so find 


6, = 0.2248/s*. (83) 
In general, the temperature distribution along a spring of finite length will 
be of the type illustrated by the curve EFB in Fig. 3. We may assume that one 
end is welded to a lead of such large diameter that @ = 0, while the other end, 
which joins the filament, is heated to 6, which is greater than 0;. Thus to 
calculate the temperature distribution, we cannot use Eq. (17) for this was 
based on the assumption that d0/dp = 0 at 6,, but must go back to Eq. (16). 
By a method like that used in the derivation of Eq. (33) we thus find that the 
temperature distribution along the spring is given by 
Coes = sinh“(C6;/a)+ sinh [C(0,—6s)/a] , (84) 
where C is defined by Eq. (34) and a is an integration constant which is equal 
to the value of d0/dp at 05. 
By analogy which Eq. (78), we let b; be the value of d0/dgs, for the spring 
at its junction with the filament (6,). 


Applying Eq. (80) to koth the spring and filament and considering Eq. (81) 
we find 


b, = bs, (85) 


By obtaining d0/dp at 6, and at 0, from Eq. (84) and equating these deriv- 
atives to a and b,, we obtain the relation 


a? = b3—C*%(0,—0,)*. (86) 
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In Eqs. (78), (79), (83), (84), (85), and (86) we have six equations involving 
six unknowns, 62, 65, @, 5, bs, and Ap and so may solve for Ag in terms of the 
known parameters s, gs, 8, and F,(or 6,). A few numerical calculations involv- 
ing springs of practicable design have shown that 6, is negligible in its effect 
and that F,, according to Eq. (76), can be replaced without appreciable loss 
of accuracy by —f6,. The problem is thus greatly simplified so that the cal- 
culation of Ay can be reduced to the following procedure. 

Calculate a quantity P (which is equal to 6,/b) by the equation 


P = (1/Cs*s) tanh Cog. (87) 
If Cys >1 this reduces to 
P = (1/Cs-s)(1—2e-2"s. ..). (88) 
If Cys > 1 it becomes 
P = (9s/s""){1—(2/3)C*pss] . (89) 
Then Ap is given by 
Ag = P—P*£/b, (90) 
where 
b/B = 2(6,/B)'s—2P. (91) 


This may be used to calculate Q by Eq. (80). 
The value of 6,, when desired, may be found from 


0, = 2PB[(6,/8)"*—P). (92) 


According to Eqs. (34) and (55), the numerical value of C is 2.99. The value 
of ys used in these calculations can be obtained from the length x, of the spring 
wire by Eq. (15) using a value of H, which by Eq. (8) is sH where H is the value 
for the filament. 


From Eqs. (90) and (15) 


Ax = (2H)'P(1—PB/b), (93) 
while for short spring wires or leads this becomes, 
eee (94) 


If for short leads a material is used which has a heat conductivity A,, the 
value of Ax given by the above equation should be multiplied by (Ao/As). 

The heating of the leads has also an effect on the change in resistance. As 
seen in Fig. 3 the observed resistance when a spring is attached is the sum of 
the resistance Q, of the spring and the resistance Q, of the filament, so that 


Q = O,+ Op = Ng + Q24+Q_ = Ns—Qyy+2Qy (95) 


since Q, = Q9—Qyp. 
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On passing a current, the resulting changes in resistance are given by 


AQ, = (bo2,/C*s"4p,)(1—1]cosh Cos), (96) 
(neglecting 8; compared to 0,) and 
AQyy = $09,Q40, (97) 


where Q, and Qy, are the cold resistances. The increase in Q), viz., AQ. may 
be calculated from 8 and gy, by the tables. 








Fic. 3. The temperature distribution along a filament sup- 
ported at one end by a spring. 


IV. Experimental Determination of the Heat Conductivity 4 


The relations given in Part II show that the heat conductivity 4 may be 
calculated from a determination of the value of T or of Q resulting from pas- 
sage of a current through the filament. For filaments below 600°K it is more 
convenient to use the resistance Q. The experimental procedure was as follows. 

Three tubes were used. One (Tube No. 1) was the tube described in Paper I 
which by use of hollow copper leads allowed control of T, independently of T;. 
Two other tubes (Nos. 2 and 3) had heavy leads of 120-mil molybdenum, arc- 
welded in hydrogen to the filament to insure good thermal contact. The fila- 
ments were of thoriated tungsten 0.00499 cm in diameter, and had total lengths 
in Tubes 1, 2, and 3 of 25.82 cm, 12.86 cm and 5.87 cm, respectively. The use 
of three filament lengths provided a check on the method of calculation and 
increased the range of values of 8, for which Q could be accurately measured. 
For the shortest filament, low values of 6 gave changes in resistance too low 
to be measured accurately, while for long filaments the higher values of 6 gave 
filament temperatures outside the range for which radiating properties had been 
determined. 

The tubes were baked at 450°C and pumped during the experiments thr ough 
liquid-air traps. The filaments were heated initially at 2000°K to produce 
a fine grained structure and then at 2400° and 2800°, as described in Paper I, 
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to a condition where further aging caused no change in resistance or emis- 
sivity." 

In most of the experiments 7, was made equal to T, by immersing the 
tube and its leads in a constant temperature bath. The filament current A and 
resistance 2 were found from voltage measurements with a precision potenti- 
ometer. 

An example is given below of the steps and quantities involved in the cal- 
culation of the heat conductivity from experimental data. 












































Tube L  |T=Ts| A | Aox108 | Vox 108 i! 9 
No. | (cm) CK) | (amp) | B a splat trays (meas 
2 | 1286 | 2441 | 0.01949 | 20 | 4358 | 6.3871 | 4.4567 | 1.4665 
3, 5.87 | 2441 | 0.01999 | 20 | 4358 | 2.9154 | 44567 | 0.6675 
Tube; 2-0, | 20 i a T, 
oe 6 |7%-%| 
| | O% Po | ho | do | (Eq. ‘aa a | 1 ° (°K) 
2 0.3335 | 0.2274 | 0.1050 | 0.06083 | 1.701| 1.720 | 0.2765 | 67.5 | 311.6 
3 | 0.02545 | 0.03813 | 0.0473 | 0.06177 | 1.745] 1.720 | 0.0473 | 11.6 | 255.7 

















Q,, the resistance of the filament when entirely at the temperature 7), 
was first determined as in Paper I, and then the change in resistance, Q—Q, = 
AQ, caused by passage of the current A. This current A was chosen by cal- 
culation from (Eq. (6) Part II) 

B = (A/A,)* (98) 
to correspond exactly to integral values of 8. In the examples shown, f is 20. 


A,, and the quantities V. and R, were obtained from Paper I, Table II, using 
the equations 


V, = V'x,[d's, (99) 
A, = A'd’h, (100) 
Ry = R'n/4. (101) 


From the value of 8 and AQ/Q,, given by the experiments, the corresponding 
value of g, was found from Tables V, VI, or VII of Part V. 


11 It should be noted that brief aging (few minutes) at temperatures even as high as 2600°K 
will not produce a tungsten filament which is unchanged by further heating. For example, in the 
case of filaments used in these experiments, after the initial aging at 2000° for about 2 minutes, 
aging at 2400°K caused a decrease in cold (264°K) resistance of 2 per cent after 1 minute, 5 per 
cent after 40 minutes, and after 4 hours at 2400° and 30 seconds at 2800° the total decrease was 
about 7 per cent. At the same time, in spite of this decrease in cold resistance, the voltage for a con- 
stant current giving a maximum filament temperature of about 600°K increased. Thus the emis- 
sivity had decreased, which indicates either a cleaning or a smoothing of the filament surface. 
(See also reference 6.) It is possible that filaments when only slightly aged are clean, but unless 
special tests are made, it is clear that the filament temperature is uncertain. Experiments, involv- 
ing adsorbed films on tungsten for example, can be interpreted most easily when the tungsten 
by proper aging has been brought into a condition where its surface and temperature are repro- 
ducible. 





Google 





Heat Conductivity of Tungsten and Cooling Effects of Leads 385 


Now from Eq. (26) of Part II, 
hy = Volos (102) 


and so the heat conductivity, 4), at the temperature, 7), of the leads could be 
calculated from Eq. (27). 


dg = h3/2RoTo. (103) 
The values of 6, = (7,—T,)/T>, and of T were found as described later 
in Part V. 


1 (°K) 
200 _300_400 500 600 700 800 900 1000 1100 


TUBE No.1 o 
TUBE No.2 @ 
 UBE NoZ 4 


Tg= 473.1°K 





200 300 400 500 608 Ky” 600 900 1000 1100 


TK, 


Fic. 4. Experimental data on the heat conductivity as a 

function of the temperature 7, at the middle of the 

filament as determined for five values of lead tempera- 
ture To. 


By experiments at values of T,(= T;) from 244° to 473°K, the dependence 
of A, on T, was determined. For each value of J, a series of values of B (i.e. 
of A) was used giving temperatures, 7,, at the middle of the filament up to 


23 Langmuir Memorial Volumes II 
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1100°K. However, in each case, the calculation as described above gave A), 
te, A at T= Ty. 

Preliminary experiments (described below) under simplifying conditions 
had indicated that the variation of 4 with T was given by 


log 4 = 0.9518+2 log T, (104) 


where k = —0.30. This value of k was used in the construction (see Part III) 
of the tables in Part V. That the present much more extensive experiments 
confirm this choice of k is shown by examination of the collected data in Fig. 4. 

Ay is plotted as a function of 7, for the five values of Ty from 244 to 473°K. 
Considering only values of T, below 600°K,}* it is seen that 4, at each 7), 
is independent of 7, and shows no significant change in the three different 
tubes, .e., no change with filament length. This fact that 4) is independent 
of T, indicates that the value of k equal to —0.30 used in Eq. (104) is correct. 
Otherwise there would have been a progressive change in 4) as 7, was 
varied. 

The values of 4 at the five values of T= 7), calculated from Eq. (104) 
are given as solid horizontal lines in Fig. 4. The evident agreement (below 
T, = 600°K) of the experimentally determined points with these calculated 
values of 4 is an independent confirmation of the correctness of k. 

Since we at first had no knowledge of k, i.e., of the variation of 4 with 7, 
the preliminary experiments mentioned above were carried out. Using Tube 
No. 1, the bulb was immersed in liquid nitrogen and the leads were held at 
temperatures, T, ,between 240 and 450°K. At each value of T, the resistance, 
Q, was measured for several values of current, A, chosen to cause only small 
deviations of the filament temperature from 7). Since for each value of T) 
the maximum temperature rise was small (~10°), 4 could be taken as indepen- 
dent of temperature (k = 0), and Eq. (36) of Part II, Case I (low values of 6,), 


48 In experiments where T, exceeded 600°K, 4p increased with T,. This behavior, observed 
in all tubes, was not caused by changes in emissivity due to an attack of the filament surface by 
residual gases, since on returning to temperatures below 600° the normal values of Ay were obtained. 
Also the effect was independent of bulb temperature. It was most marked in Tube No. 1, which 
had the longest filament and least in Tube No. 3 with the shortest filament. It is believed that 
the explanation lies in the fact that the relations of Paper I between energy radiated and 
filament temperature are not applicable much above the maximum filament temperature 
(580°K) for which they were determined. Between 225 and 580°K, the energy radiated is given 
by Wp = KT**#, However, as pointed out on p. 325 of Paper I, the exponent of T must increase 
above 600°K in order to reach the values of Jones and Langmuir and Forsythe and Watson 
which are accepted as accurate above 1000°K. Calculations show that this can account for both 
the magnitude and direction of the observed deviations of Ag. The effect should be greatest for 
the longest filament, since a greater proportion of its length is at temperatures near 7}. 

Incidentally, it was observed that very slight traces of water vapor from bulbs insufficiently 
baked cause appreciable changes in emissivity which increase with bulb temperature, and are 
immediately recognized by the lag effects produced when the filament temperature is raised or 
lowered. 
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could be applied. With the bulb in liquid nitrogen T, is effectively equal to 
zero and this equation takes the form, 








AQ/Q, = 0.300(8—1) [: — Sete, (105) 
where £ and Q, are found as already described. 

Since the resistance changes, AQ, are small, the measurements tend to be 
less accurate than in the experiments where 7,—T7, was large. However, it 
is seen from Eq. (105) that for the small resistance changes involved AQ is 
a linear function of 8 (or of A”). So by plotting AQ vs. A?, the slope of a line 
through the individual points allowed a satisfactorily accurate calculation of 
Yo. From Eqs. (102) and (103), 4) was then calculated. 

Thus at several temperatures T(= T,), A(= 4) was determined and found 
to depend on temperature as given by Eq. (104). 

The values of 4 determined in the present work may be extrapolated to join 
the data of Forsythe and Worthing,? giving a curve of 4 vs. T which has a min- 
imum at about 1300°K and joins F—W at 1500°K. Values of 4 from this 
curve are as follows. 


T T 
(°K) A (°K) a 
600 1.313 1200 1.00 
800 1.18 1300 0.98 
1000 1.08 1500 0.99 


These values justify the corrections to the F—W equation found necessary by 
Langmuir, MacLane and Blodgett? for temperatures below 1500°K (see 
Introduction). 

Since the variation of 4 with T is established by the experiments, an equation 
for h as a function, of JT can be derived. From Eqs. (27a), (101), and Eq. (6) 
of Paper I, 

log h = 96.4826—100+0.965 log T. (106) 


Likewise (2H)': for use in Eq. (93) can be expressed as a function of T. 
Since H depends not only on T but also on the filament radius 1, it is conven- 
ient to use the quantity (r/2H)'s. From Eqs. (15) and (104) and Eqs. (6) and 
(7) of Paper I, 


log (r/2H)': = 91.3793 —100+2.316 log T. (107) 

Table VIII in Part V gives A, A, and (r/2H)"' for a series of values of T, as 
calculated from the above equations. 

V. Calculation of Filament Temperature and Resistance from the Tables 


Tables I to VIII, prepared as described in Part III, are given to facilitate 
calculations of filament temperature or resistance from a knowledge of the 
filament dimensions, the filament current, and the lead and bulb temperature. 
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Directions and examples are given for the several usual cases. The theory and 
equations in Parts II and III need not be referred to. 
In general there will be known: 
ry = radius of filament (cm), 
Xo = half length of filament (cm), 
T, = lead temperature (°K), 
Ts = bulb temperature (°K), 
A =filament current (amp.). 


Case 1. (T; = To) 


Tasie I 


Limiting Values of Various Functions 





1 2 3 4 j 5 6 7 








6 B as 
(Bo = 0) % | Ou Boo (AQ/D.4)c0 jade to 

0 1.0000 0.0000 0.00000 0.0000 1.000 1.000 

1 0.8504 0.1759 0.0577 0.2205 1,943 0.943 

2 0.7708 0.2974 0.0839 0.3775 2.910 0.910 

3 0.7182 0.3923 0.0983 0.5024 3.888 0.888 

4 0.6798 0.4709 0.1075 0.6074 4.87 0.870 

6 0.6257 0.5981 0.1186 0.7801 6.84 0.845 

8 0.5881 0.7004 0.1248 0.9212 8.83 0.826 
10 0.5594 0.7877 0.1287 1.043 10.81 0.811 
15 0.5104 0.9594 0.1336 1.287 15.79 0.785 
20 0.4774 1.095 0.1355 1.483 20.77 0.766 
25 0.4529 | = 1.208 0.1361 1.649 25.75 0.752 
30 0.4338 1.305 0.1361 1.793 30.74 0.740 
40 0.4051 1.468 0.1354 2.038 40.72 0.722 
50 0.3840 1.604 0.1343 2.245 50.71 0.709 
60 0.3676 1.720 0.1330 2.425 60.70 0.697 
80 0.3429 1.916 0.1305 2.730 80.68 0.680 
100 0.3249 2.078 0.1281 2.986 100.7 0.667 
120 0.3109 2.217 0.1260 3.209 120.7 0.657 
140 0.2994 2.340 0.1241 3.407 140.6 0.648 
160 0.2899 2.450 0.1223 3.586 160.6 0.640 
180 0.2817 2.550 0.1207 3.750 180.6 0.634 
200 0.2746 2.641 0.1192 3.902 200.6 0.628 

















This is the experimental condition existing, for example, when the bulb 
and the filament leads are immersed in a bath at constant temperature. The 
filament leads are to be chosen of such a diameter (at least 100 times filament 
diameter) and as short as possible so that they are not appreciably heated by 
the filament currents to be used, or by conduction of heat from the filament. 

It is ordinarily convenient to construct a table or curve giving filament 
temperature as a function of current, from which temperatures can be found 
for any value of current used in experiments. This is done in the following way. 
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Frcem Table VIII or Eq. (107) find the value of (r/2H)'» Comseponding to Ty. 
Then using the known value of r, calculate gy, from 
Po = %o/(2H)"*. (108) 
Now for integral values of # as given in the Tables (II, III, IV) find the values 
of 6, corresponding to this value of go. T,, the temperature at the middle of the 
filament, is given by 
T, = (1+6,)T). (109) 
The currents, A, required to produce each temperature 7,, are found from 
the values of 8 using the equation 


= (A/Ap)*, (110) 
where A, for the filament in question is calculated from 
A, =A'ah, (111) 


where d is the filament diameter and A’ is taken from Table II in Paper I, 
or calculated from the equation 


log A’ = 96.1952—100+2.051 log Ty. (112) 


AQ/Q, is found in a similar way by using go, 8, and Tables V, VI, and VII." 
This value of 40/Q, is usually not required, but if compared with a measured 
value of 4Q/Q, serves as a check on the calculation of T,. Also if the filament 
length and hence gp are unknown, then a determination of Q, and of 4Q caused 
by the current A enables one to find gy and then 6, (and 7,) from the tables. 


Case 2. (T;< Ty) 


In some types of experiments the bulb may be at a lower temperature than 
the leads. The tables have been prepared primarily for use when T, = Ty. 
However, when T,< T>, a current temperature scale may be obtained by the 
following procedure: 

Calculate go for the lead temperature T, which is to be used and find 6, 
and 7, for the various values of f in the tables exactly as in Case 1. These 
values of 8, however, must not be used to calculate the currents A. Instead, 
a new value of B must be calculated using Eq. (65) of Part III, 


B = o6*°—(1—By)o0**, (113) 

where from Eq. (11), Part II, 
By = 1~(T5/Tp)***,, (114) 
and 4, is assigned the values given in the tables (just below the values of 8 which 


are applicable only to Case 1). 09, o§°*, and 0941” are given in Table I. 


48 It should be noted that for convenience in tabulation, 0,/8 and AQ/BQ, are given in 
Tables II and V instead of 8, and AQ/Q, as in the remainder of the tables. 
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TAB 


6,/B as Function 














b= b= B= B=3 
Po Oo = | m= m= mO= 
1,0000 0.8504 0.7708 0.7182 
0.00 | 0.00000 0.00000 0.00000 0.00000 
0.02 0.00040 0.00040 0.00040 0.00040 
0.04 0.00159 0.00159 0.00160 0.00160 
0.06 0.00355 0.00357 0.00358 0.00359 
0.08 | 0.00625 0.00630 0.00634 0.00638 
0.10 0.00964 0.00974 0.00984 0.00993 
0.12 0.01367 0.01385 0.01405 0.01424 
0.14 0.01827 0.01857 0.01891 0.01922 
0.16 0.02337 0.02382 0.02434 0.02488 
0.18 0.02891, 0.02951 0.03024 0.03105 
0.20 0.03481 0.03554 0.03646 0.03754 
0.22 0.04099 0.04179 0.04285 0.04412 
0.24 | 0.04740 0.04857 0.0499 0.0514 
0.26 j 0.05396 0.05506 0.0565 0.0585 
0.28 0.06061 0.0618 0.0633 0.0656 
0.30 | 0.06730 | 0.0686 0.0700 0.0720 
0.32 0.07398 0.0753 0.0765 0.0781 
0.34 0.08061 | 0.0820 0.0829 0.0838 
0.36 0.08714 | 0.0881 0.0885 0.0889 
0.38 0.09355 0.0941 0.0940 0.0937 
0.40 0.09981 0.0996 0.0988 0.0978 
0.42 0.10591 | 0.1049 | 0.1035 0.1017 
0.44 | 0.11181 | 0.1102 | 0.1080 0.1051 
0.46 0.11751 0.1149 0.1120 0.1083 
0.48 | 0.12301 | 0.1197 0.1157 0.1110 
0.50 0.12829 0.1239 0.1190 0.1134 
0.55 0.14052 0.1336 | 0.1260 0.1181 
0.60 } 0.15146 0.14130 | 0.1313 0.1214 
0.65 i 0.16110 0.1476 0.1354 0.1240 
0.70 | 0.16956 0.1530 0.1384 | 0.1258 
0.75 | 01771 0.1573 0.1408 | 0.1272 
0.80 0.1834 0.1608 0.1426 0.1280 
0.85 0.1890 0.1637 0.1440 0.1288 
0.90 0.1938 0.1660 0.1451 0.1293 
1.00 0.2016 0.1687 0.1466 0.1300 
1.10 0.2074 0.1712 0.1474 0.1303 
1.20 0.2116 0.1728 0.1479 0.1305 
1.30 0.2148 0.1738 0.1482 0.1306 
1.40 0.2172, | 0.1746 | 0.1484 0.1307 
20 0.2241! 0.1759 0.1487 0.1308 
| 
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ve II 
of po and B 
p=4 B= B= B=10 
® = O = = O = 
0.6798 0.6257 0.5881 0.5594 
0.00000 0.00000 0.00000 0.00000 
0.00040 0.00040 0.00040 0.00040 
0.00160 0.00161 0.00162 ' 0.00162 
0.00361 0.00364 0.00367 0.00370 
0.00643 | 0.00653 0.00662 0.00672 
0.01006 } 0.01029 0.01053 0.01078 
0.01450 0.01495 0.01543 0.01595 
0.01970 | 0.02072 0.02162 0.02234 
0.02560 i 0.02660 0.02800 0.0294 
0.03208 0.03318 0.03514 0.0369 
0.03890 0.04078 0.0429 0.0442 
0.04575 0.04850 0.0505 0.0507 
0.0530 | 0.0554 0.0566 0.0563 
0.0604 0.0616 0.0619 0.0611 - 
0.0674 0.0674 0.0668 0.0647 
0.0733 | 0.0727 0.0706 0.0676 
0.0788 0.0772 0.0737 | 0.0698 
0.0836 0.0810 0.0763 0.0717 
0.0879 0.0838 0.0784 | 0.0731 
0.0919 ' 0.0863 0.0801 0.0743 
0.0952 0.0885 0.0814 0.0751 
0.0982 \ 0.0902 0.0826 0.0759 
0.1008 0.0918 0.0835 0.0765 
0.1031 0.0931 0.0842 0.0769 
0.1050 0.0942 0.0848 0.0773 
0.1067 H 0.0950 0.0852 0.0776 
0.1100 | 0.0966 0.0862 0.0781 
0.1124 | 0.0977 0.0867 0.0784 
0.1139 0.0984 0.0870 0.0785 
0.1150 i 0.0988 0.0872 0.0786 
0.1158 0.0991 0.0873 | 0.0787 
0.1163 | 0.0993 0.0874 
0.1167 ‘ 0.0995 0.0875 
0.1170 0.0995 
0.1174 0.0996 
0.1175 0.0996 | 
0.1176 1 
0.1177 
0.1177 0.0997 0.0876 | 0.0788 
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When 7, is so low, e.g. when the bulb is immersed in liquid air, that back- 
radiation is negligible; then 7, may be taken as effectively equal to zero. For 
this condition, then from Eq. (114), 

Bo=1, and B=o,*™, 

In Table I, column 6, there are tabulated the values of 8 for this special 
case (8) = 1), corresponding to the values in column 1 of £ for Case 1 (T; = 
T)), for which, fromEq. (114), By = 0. In column 2 are the values of oy. 
Columns 1 and 2 list the same f’s and o,’s as head the Tables II to VII. 


Case 3. Filament Joined to a Spring 


As discussed in Part III it is often necessary to hold a filament taut by means 
of a spring between one end of the filament and its lead. The spring, heated 


























Taste IV 
6, as Function of y, and B 
B=100 | B=1200 | B=140 | B=160 | B= 180 B = 200 
Po a= m= a= O= a= a= 
0.3249 0.3109 0.2994 0.2899 0.2817 0.2746 
0.000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.005 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050 
0.010 0.0101 0.0122 0.0142 0.0163 0.0184 0.0205 
0.015 0.0231 0.0279 0.0327 0.0376 0.0425 0.0475 
0.020 0.0419 0.0508 0.0599 0.0691 0.0786 0.0882 
0.025 0.0673 0.0821 0.0974 0.1132 0.1295 0.1465 
0.030 0.1003 0.1230 0.1476 0.1732 0.2002, 0.2288 
0.035 0.1425 0.1766 0.2145 0.2544 0.2987 0.3465 
0.040 0.196 0.2458 0.3040 9.3673 0.4390 0.5203 
0.045 0.264 0.3386 0.4258 0.526 0.646 0.789 
0.050 0.350 0.461 0.594 0.762 0.957 1.197 
0.055 0.463 0.630 0.829 1.081 1.371 1.642 
0.060 0.612 0.846 1.141 1.446 1.719 1.956 
0.065 0.794. 1.112 1.440 1.723 1.963 2.161 
0.070 1.013 1.364 1.669 1.920 2.128 | 2.297 
0.075 1.228 1.578 1.838 2.058 2.239 2.391 
0.080 1.407 1.713 1.960 2.157 2.320 2.458 
0.085 1.544 1.828 2.050 2.226 2.377 2.506 
0.090 1.656 1.917 2.114 2.279 2.419 2.541 
0.095 1.742 1.977 2.164 2.319 2.451 2.566 
0.100 1.809 2.027 2.202 2.349 2.475 2.585 
0.105 1.863 ‘| 2,066 2.232 2.373 2.493 2.600 
0.110 1.902 2.096 2.256 2.390 2.506 2.610 
0.115 1.934 2.121 2.274 2.403 2.516 2.617 
0.120 1.960 2.139 2.288 2.414 2.524 2.623 
0.130 1.999 2.166 2.307 2.428 2.535 2.631 
0.140 2.024 2.184 2.319 2.436 2.541 2.636 
0.150 | 2.041 2.196 2.327 2.442 2.544 2.638 
fo) 2.078 | 2.217 2.339 2.449 2.549 2.641 
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by conduction of heat from the filament, may increase the maximum temperature 
T, of the filament. It was shown in III that the effect is as if the filament 
length were increased by an amount Ax. 

Ax is found from either Eq. (93), 

Ax = (2H)'"P(1—PB/b) 
or from Eq. (94), 
Ax = x,/s*. 

In Eq. (93), 2H is obtained from the value of (r/2H)" for the filament just as 
in Case 1; P has the values given by Eqs. (88) or (89); and £/d is given by Eq. (91). 

In Eq. (94), xs is the total length of the spring in cm, and s is the ratio of 
the diameter of the spring to that of the filament. 

For springs of practical design,!° the simpler Eq. (94) is usually sufficiently 
accurate. If for some reason the spring must be longer than required by usual 
design, it may become necessary to use Eq. (93). 

Having obtained Ax, g is calculated from Eq. (108), in which x, is now 
not the actual half-length of the filament as before, but the half-length plus 
Ax/2. 6,, T,, and A are then found as in Cases 1 or 2. 

The above method must be used, of course, even in the absence of a spring, 
when the filament leads are of such small diameter or so long as to be heated 
by conduction from the filament. As can be seen from Eq. (94), this is avoided 
if the leads are only a few cm long and have a diameter at least 10 times that 
of the filament. 


















































Fic. 5. 60,/B as a function of go for various values of f as in Tables II, III, and IV. For clearness 
some of the curves are not completed to the origin. 
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TaBLe V 
AQ/BQ, as Function of ¢, and B 





B=0/f=1 |p=2 | p=3| p=4| B=6| B=8 | B=10 
Po %= %= %= %= = %= m= o = 
1.0000 | 0.8504 0.7708 0.7182 | 0.6798 | 0.6257 | 0.5881 | 0.5594 





0.00 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 
0.02 0.00033 | 0.00033 | 0.00033 | 0.00033 | 0.00033 | 0.00033 | 0.00033 | 0.00033 
0.04 0.00130 | 0.00131 | 0.00131 | 0.00131 | 0.00131 | 0.00132 | 0.00132 | 0.00134 
0.06 0.00291 | 0.00293 | 0.00294 | 0.00295 | 0.00296 | 0.00299 0.00302 | 0.00307 
0.08 0.00513 | 0.00517 | 0.00520 | 0.00524 | 0.00528 | 0.00536 0.00544 | 0.00553 
0.10 0.00792 | 0.00799 | 0.00808 | 0.00818 | 0.00827 | 0.00846 | 0.00866 | 0.00888 
0.12 0.01123 | 0.01139 | 0.01156 | 0.01174 | 0.01194 | 0.01232 | 0.01273 | 0.01318 
0.14 0.01502 | 0.01528 | 0.01557 | 0.01588 | 0.01624 | 0.01711 | 0.01788 | 0.01851 
0.16 0.01924 | 0.01962 | 0.02007 | 0.02060 | 0.02114 | 0.02201 | 0.02326 | 0.02446 
0.18 0.02382 | 0.02424 | 0.02497 | 0.92577 | 0.02655 | 002754 | 0.02933 | 0.0309 
0.20 0.02871 | 0.02934 | 0.03015 | 0.03120 | 0.03228 | 0.03394 | 0.03604 | 0.0371 
0.22 0.03385 | 0.03443 | 0.0353 0.0366 0.03806 | 0.04056 , 0.0428 0.0433 
0.24 0.0392 0.04022 | 0.0414 0.0429 0.0444 0.0466 0.0483 0.0484 
0.26 0.0447 0.04579 | 0.0472 0.0491 0.0509 0.0522 0.0534 0.0534 
0.28 0.0503 0.0515 0.0531 0.0553 0.0571 0.0577 0.0580 0.0573 
0.30 0.0559 0.0573 0.0589 0.0609 0.0624 0.0629 0.0620 0.0605 
0.32 0.0616 0.0629 0.0644 0.0661 0.0675 0.0673 0.0654 0.0634 
0.34 0.0672 0.0687 0.0700 0.0712 0.0719 0.0707 0.0684 | 0.0660 
0.36 0.0728 0.0740 0.0750 0.0758 0.0760 0.0741 0.0712 0.0682 
0.38 0.0783 0.0792 0.0798 0.0802 0.0800 0.0771 0.0736 0.0702 
0.40 0.0837 0.0841 0.0842 0 0842 0.0835 0.0798 0.0757 0.0719 
0.42 0.0890 0.0889 0.0885 0.0878 0.0867 0.0823 0.0777 0.0735 
0.44 0.0942 0.0936 0.0927 0.0914 0.0897 0.0846 0.0794 0.0750 
0.46 0.0992 0.0979 0.0963 0.0946 0.0925 0.0866 0.0810 0.0763 
0.48 0.1041 0.1023 0.1002 0.0978 0.0951 0.0885 0.0825 0.0774 
0.50 0.1088 0.1063 0.1036 0.1006 0.0974 0.0902 0.0838 0.0785 
0.55 0.1200 0.1157 0.1114 0.1070 0.1026 0.0939 0.0867 0.0809 
0.60 0.1302 0.1236 0.1179 0.1123 0.1068 0.0970 0.0891 0.0829 
0.65 0.1394 0.1306 0.1235 0.1167 0.1103 0.0995 0.0911 0.0845 
0.70 0.1478 0.1368 =| 0.1283 0.1204 0.1133 0.1017 0.0928 0.0859 
0.75 0.1554 0.1426 0.1324 0.1236 | 0.1159 0.1037 0.0944 | 0.0872 
0.80 0.1622 | 0.1476 0.1360 0.1264 0.1182 0.1053 0.0956 , 0.0882 
0.85 0.1684 0.1520 0.1392 0.1288 0.1202 0.1068 0.0968 0.0892 
0.90 0.1741 0.1559 0.1420 0.1310 0.1220 0.1081 0.0978 0.0900 
1.00 0.1838 0.1625 0.1467 0.1347 0.1250 0.1102 0.0996 0.0915 
1.10 0.1920 0.1679 0.1506 0.1377 0.1274 0.1120 0.1010 0.0926 
1.20 0.1989 0.1723 0.1538 0.1402 0.1294 0.1135 0.1022 0.0936 
1.30 0.2047 0.1761 0.1565 0.1423 0.1312 0.1148 0.1032 | 0.0944 
0.140 | 0.2098 0.1793 0.1588 0.1441 0.1326 0.1159 0.1040 0.0951 
co 0.27566 | 0.2205 0.18875 | 0.16746 | 0.15185 | 0.13002 ; 0.11515 | 0.10433 
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Taste VII 
AQ/Q, as Function of yp, and B 
B = 100 B=120 | p= 140 B = 160 B = 180 B = 200 
% Bo = 0.3249 | a) = 0.3109 | ag = 0.2994 | oo = 0.2899 | oy = 0.2817! ay = 0.2746 
0.000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.005 0.0021 0.0025 0.0029 0.0033 0.0037 0.0041 
0.010 0.0083 0.0100 0.0117 0.0134 0.0151 0.0168 
0.015 0.0190 0.0229 0.0268 0.0308 0.0349 0.0390 
0.020 0.0344 0.0417 0.0492 0.0568 0.0646 0.0725 
0.025 0.0553 0.0675 0.0800 0.0930 0.1066 0.1205 
0.030 ; 0.0824 0.1013 0.1215 0.1426 0.1650 0.1887 
0.035 0.1172 0.1457 | 0.1768 0.2100 0.2469 0.2867 
0.040 0.162 0.2037 0.2512 0.3042 0.3646 0.4329 
0.045 | 0.218 0.2801 0.3534 0.438 0.540 0.663 
0.050 | 0,290 0.383 0.496 0.640 0.810 1.023 
0.055 0.385 0.527 0.699 0.921 1.182 1.435 
0.060 0.511 0.714 =| 0.977 1.247 1.512 1.746 
0.065 0.670 0.951 1.252 1.522 1.764 1.980 
0.070 0.864 1.184 1.473 1.734 1.956 2.150 
0.075 1.061 1.389 1.647 1.892 2.098 2.283 
0.080 1.228 1.549 1.796 2.018 2.215 2.393 
0.085 1.364 1.665 1.904 2.120 2.312 2.487 
0.090 1.486 1.768 2.002 2.209 2.397 2.569 
0.095 1.588 1.854 2.082 2.286 2.472 2.641 
0.100 1.670 1.928 2.153 2.354 2.537 2.706 
0.105 1.741 1.994 2.216 2.415 2.597 2.764 
0.110 1.803 2.052 2.272 2.470 2.650 2.815 
0.115 1.858 2.105 2.323 2.519 | 2.698 2.863 
0.120 1.908 2.153 2.369 2.564 2.743 2.908 
0.130 1.994 2.236 2.450 2.644 2.821 2.985 
0.140 2.067 2.307 2.519 2.712 2.888 3.050 
0.150 2.132 2.368 2.579 2.770 2.945 3.107 
0 2.9861 3.2087 3.4069 3.5860 3.7501 3.9020 
Tasre VIII 
Values of h, 4 and (r/2H)': 
To(°K) h | a (2H x 108 
240 0.0602 | 1.729 : 0.780 
250 0.0626 1.708 0.857 
260 0.0650 1.688 0.938 
270 0.0674 f 1.669 1.024 
273 0.0682 | 1.663 1.051 
280 0.0698 1.651 1.114 
290 0.0722 1.633 1 209 
298 0.0742 1.629 1287 
300 0.0746 1.617 i «$07 
310 0.0770 1.601 | 1.410 
350 0.0866 i 1.544 1.868 
400 | 0.0985 | 1.483 | 2.545 
450 0.1104 | 1.432 | 3.343 
500 0.1222 1.387 4.267 
550 0.1340 1.348 | 5.321 
600 0.1457 1.313 6.510 
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Fic. 6. AQ/BQ» as a function of Y» for various values of 8 as in Tables V, VI, VII. 


Examples of the Calculation 


Consider the filament in tube No. 2, used in the experiments on heat con- 


ductivity, which had a length of 12.86 cm and a diameter of 0.00499 cm 
(2~mil). 






































Ty | a | X (r/2H)'h % 
(°K) | (°K) | (cm) (cm) x 10° 
| 

(1) 300 300 0 0 6.43 1.3071 0.1683 
(2) 300 0 1 0 6.43 1.3071 0.1683 
(3) 300 300 0 0.40 6.63 1.3071 0.1735 

0 | Ty, B A’ amp. | Ay x 10° A 
* | (°K) cm": (amp.) (amp.) 
(1) 0.740 | 522.0 | 20 18.869 | 6.651 0.02974 
(2) 0.740 | 522.0 | 20.77 18.869 6.651 0.03031 
(3) 0.768 530.4 20 18.869 6.651 0.02974 








(1) Given T, = T, = 300°K, the filament mounted directly on heavy 
leads. Calculate 7, and the’ corresponding current A, for 8 = 20. This is an 
example of Case 1. As shown in the accompanying table x,, the half-length, 
is 12.86/2 = 6.43 cm. (r/2H)*: at 300° from Table VIII is 1.3071 x 10-*. From 
Xo, (r/2H)'+, the known value of the filament radius r, and Eq. (108), go is then 
calculated to be 0.1683. From Table III for 8 = 20 and this value of ¢o, 4; 
is found to be 0.740. From Eq. (109) 7, is 522°K. From Table II, Paper I, A’ 
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at 300° is 18.869, so that by Eq. (111) A, is 6.651 10-° amp. Finally, using 
Eq. (110) with 6 = 20 and this value of A,, we find A to be 0.02974 amp. 

(2) Given Ty = 300°K as in Example (1), but the bulb is now immersed 
in liquid air so that 7, = 0. Calculate T, and A for 8 = 20. This is an example 
of Case 2, By) = 1. 

One proceeds exactly as in Example (1) up to the calculation of A. Here 
instead of using 8 = 20, the corresponding value of £ in column 6 of Table I, 
equal to 20.77, is used with Eq. (110) to calculate A. As to be expected, this 
value is slightly larger than the current required in Example (1). 

(3) T, = T; = 300°K as in Example (1), but one end of the filament is 
joined to a spring. Calculate T, and A. This is an example of Case 3. 

Making use of the relations given in reference 10 on spring design, one 
finds that a spring suitable for a filament of the present length and diameter 
can have the following dimensions: a 10-cm length of 10-mil spring wire wound 
into a spring of 12-mm diameter (~3 turns). 

Ax equal to 0.40 cm is found from Eq. (94), in which x, is the spring length 
(10 cm) and s is the ratio (10/2 = 5) of the diameters of spring and filament. 
Go, equal to 0.1735, is calculated as before from Eq. (108) in which x, is now 
6.43 +(4x/2) or 6.63 cm. The remaining steps in the calculation of JT, and A 
are unchanged. One notes that although the current is the same as in Example 
(1), the presence of the spring has increased T, about 8°. 


Table I 

Table I gives limiting values of various functions, and has in part been re- 
ferred to under Case 2. In addition, column 3 lists values of 04. (1+04)T>. = Tu, 
the temperature at the middle of the filament when it is infinitely long, or 
so long that the central part is not cooled by the leads. For a filament of given 
diameter, 6, approaches 0, as a limit as the filament is made longer and as B 
is increased (AQ/Q,).o in column 5 is the corresponding limiting value of 
AQ/Q,. This behavior is shown in Figs. 5 and 6 which are plots of Tables II 
to VII. It will be noted in Tables II, III, and IV that 0, as a function of ¢o 
extends practically to the value of 64. However, in Tables V, VI, and VII for 
the same values of 9, AQ/Q, has not closely approached its limiting value. 
These tabulated values of AQ/Q, may be extended to (AQ/Q,).. by calcula- 
tion from the equation 

AQ]Q, = (AQ]Q)0— Boo! Fo » 


where B,, has the values given in column 4 of Table I. 
Column 7 gives values of 08% for use with Eq. (113). In this same equa- 
tion o9*1° is given by the values of 8 in column 6. 
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